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REMARKS 

Claims 1-20 are pending. Claims 4-11 are rejected. Claims 1-3 and 1 1- 
20 are cancelled, without prejudice. The specification is amended to provide 
sequence identifiers. Support for this amendment can be found, e.g., on page 
106, lines 1-13, of the specification. Claims 4-10 are amended. Support for this 
amendment can be found, e.g., on page 7, lines 4-6; page 70, lines 9-1 1 ; page 
74, lines 4-26; and page 106, lines 3-17, of the specification. 

Applicants thank the Examiner for rejoining the species: inflammation, 
proliferation, and tissue remodeling; and for rejoining the species: IL-1e 
antagonist alone and IL-1e antagonist with chemokine receptor antagonist. 

Applicants believe that no new matter is added by way of amendment. 

I. Objections to the Specification . 

The Examiner objected to the lack of sequence identifiers in the brief 
description of the drawings (page 4, lines 9-14, specification), and to the partial 
receptor designation (page 77, line 34, specification). Applicants submit that the 
appropriate sequence identifiers are provided. Also, the partial receptor 
designation is cancelled. Withdrawal of the objections is respectfully requested. 

II. Rejections of Claims 4-1 1 under 35 U.S.C. S1 12. Fir st Paragraph. 

The Examiner rejected Claims 4-11 under 35 U.S.C. §112, first paragraph 
on the basis that these claims are drawn to methods of inhibiting inflammation, 
but that one of skill would not "be able to predict that such a nexus [between IL- 
1R6 function and inflammation] exists." (page 4, lines 1-8, of Office action). 
Claim 1 1 is cancelled and the rejection is therefore moot as to this claim. 

Applicants respectfully disagree that one of skill would not be able to 
predict a nexus between the present invention and inflammation. According to 
the MPEP, the test of enablement is whether "any person skilled in the art can 
make and use th invention without undue experimentation," in view of, e.g.. the 
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level of predictability in the art, or the amount of direction provided by the 
inventor (§2164.01-2164.01(a) MPEP, August 2001). Methods of modulating 
inflammation are fully enabled by the specification which discloses that, n [i]n 
lesional psoriasis skin, characterized by chronic inflammation, the expression of . 
. . IL-1 e and their corresponding receptor IL-1 R6 are all significantly increased 
relative to skin from a healthy individual. The increase is most prominent for IL- 
1b - • ." (See, e.g., page 70, lines 18-19; page 95, lines 13-17, of specification). 

The level of predictability in the art at the time of filing is evidenced by 
Zweiger (1999) Trends BiotechnoL 17:429-436, who states that expression data 
is a likely or expected indicator of disease: ". . . gene transcripts that fall outside 
their normal range are jikely to be indicative of particular disease states, diseases 
propensities or disease outcomes." (emphasis added) 

In view of the increase of IL-1s in psoriasis, where this increase is more 
prominent than of the other molecules tested, and Zweiger's assertions that gene 
expression levels are a "likely" indicator of disease, Applicants conclude that one 
skilled in the art would reasonably believe that a nexus between the present 
invention and inflammation is established without undue experimentation. 

Furthermore, the present invention modulates inflammation because the 
IL-1e is disclosed as relaying signals via NFKB (page 4, lines 1-2, Office action; 
page 73, lines 27-29, specification). At the time of filing, it was established in the 
art that inflammation is mediated by NFKB (see, e.g., page 70, lines 15-17, of 
specification; Lentsch, et al. (1 999) Inst For Lab. Animal Res. 40:151-1 56 
(enclosed); Ward, et al. (1999) Arch. Surg. 134:666-669 (enclosed)). At the time 
of filing, it was also well established that psoriatic infl ammation is mediated by 
NFKB (see, e.g., page 1819 of Robert and Kupper (1999) New Engl. J. Med. 
341:1817-1828; Komine, etal. (1999) Arch. Dermatol. Res. 291:500-506 
(enclosed)). In view of the, demonstration that the IL-1 e/IL-1 R6 signaling pathway 
transmits an activating signal to NFKB, the established c ntral role of NFKB in 
inflammation, and the established role of NFKB in psoriatic inflammation, 
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Applicants conclude that one of ordinary skill would reasonably predict that a 
nexus exists between the present invention and inflammation without undue 
experimentation. 

Further evidence that the present invention modulates inflammation is the 
fact that expression of IL-1R6 occurs on resident epithelial cells, constituting the 
ports of entry to the body's Internal milieu (see, e.g., p. 70, lines 10-11, of 
specification), as well as on lung, an organ closely associated with inflammatory 
processes. Note that IL-1R6 is also known as IL-1e receptor and IL-1Rrp2. 
Expression of IL-1 R6 is higher in lung than that in any other tissue tested (page 
4, lines 9-10, of Office action; and Fig. 3A of Lovenberg, et al. (1996) J. 
Neuroimmunol. 70:1 13-122). Epithelial cells of the lung have been shown to be 
inf ammatory because: u [a]irway epithelial cells . . . interact directly with T 
lymphocytes" and "epithelial cell[s] release . . . [G]-CSF . . . demonstrating that 
the epithelium has the potential ... for attracting cells" (p. 451. column 1 , of 
Crystal, et al. (eds) (1997) The Lung, Lippincott-Raven, NY, NY). 

Moreover, one skilled in the art would believe that the present invention 
modulates inflammation because of the homology of the IL-1e (agonist) and IL- 
1R6 (receptor) signaling scheme to a previously described signaling scheme 
comprising IL-1 a (inflammatory agonist), IL-1R1 (receptor), and IL-1RA 
(antagonist) (see, e.g., page 10, lines 13-14; page 71, line 33, page 72, lines 1-3; 
page 77, lines 21-27; and page 78, lines 16-18, of the specification). Applicants 
conclude that the homologous actions of these two sets of highly similar signaling 
patterns establishes IL-1e as an inflammatory cytokine. 

The Examiner further finds that IL-1R6 is not expressed in "cells 
associated with the immune system." (page 4, lines 10-11, Office action). 
Applicants respectfully disagree. Applicants submit that IL-1 R6 is expressed in 
monocytes, a cell of the immune system (page 6, lines 1-2, of Office action; and 
page 79, lines 1-3, specification). 

The Examiner cites WO 99/36541 of Marshall and Young, and three 
documents of Young (sole), as teaching that one of skill would expect that human 
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IL-1s (a.k.a. IL-1rabeta) could treat inflammation, in contrast to the present 
claims, which encompass use of an IL-le antagonist to treat inflammation (page 
5, lines 8-9, of Office action). Applicants respectfully disagree. According to the 
MPEP, the analysis and conclusion of lack of enablement are based on . . . 
findings of fact, supported by the evidence, and then drawing conclusions based 
on these findings of fact." (§2164.04 MPEP, August 2001). The Examiner states 
that "none of these documents provide working examples or other objective 
evidence of this molecule's [IL-1e] function . . • (page 5, lines 3-4, of Office 
action). In view of this lack of "objective evidence" in the cited patent documents, 
Applicants conclude that the Examiner has not satisfied the requirement to base 
a conclusion of lack of enablement on "findings of fact, supported by the 
evidence." (§2164.04 MPEP, August 2001). 

The Examiner further finds that the specification does not enable 
"antagonists other than antibodies or muteins" (page 5, lines 15-19, Office 
action). Applicants respectfully disagree. IL-15 is disclosed to antagonize IL-1e- 
mediated stimulation of IL-1R6 (page 74, lines 4-6 and 23-26, of specification). 
Amended Claims 4-5, 8, and 1 0, relate to compositions derived from antibodies 
andtolL-18. 

The Examiner alleges that the combination of a chemokine receptor 
antagonist and an IL-1R6 inhibitor would not have an Inhibitory effect, in view of 
the alleged unpredictable effects of an IL-1R6 (page 6, lines 6-12, of Office 
action). Amended Claim 10 no longer recites "combination." 

To summarize, Applicants submit that the skilled artisan would reasonably 
believe that a nexus between the invention and inflammation exists because of 
prominent expression of 1L-1e in psoriasis, the demonstrated ability of the 
invention to relay a signal to NFkB, and the established central role of NFkB in 
psoriasis and other forms of inflammation. This is further supported by the 
known inflammatory activity of lung epithelial cells (Crystal, et al. (eds.). supra), 
and the el vated expression of IL-1R6 in epithelial cells, monocytes, and lung (p. 
70. lines 10-11, and p. 79, lines 1-3, of specification; Lovenberg, et al.. supra). 



Ally. Dkt NO.DX01073K 

Received from < 650 496 1200 > at M 1103 5:41:37 PM [Eastern Daylight Time] 



Page 9 of 11 



08/11/2003 14:48 FAX 650 496 1200 



DNAX MAIN FAX 



©015/050 



Appl. No. 09/775,048 

Amdi. Dated August 1 1 , 2003 

Reply to Office Action of March 1 1 , 2003 

and homology of the invention wrth an inflammatory signaling scheme comprising 
IL-1a ( IL-1R1, and IL-1RA. Moreover, the cited Marshall and Young and Young 
(sole) documents are believed not to detract from enablement of the present 
invention because of the lack of evidence in these documents (§2164.04 MPEP, 
August 2001). 

Applicants believe the rejection of Claims 4-1 1 under 35 U.S.C. §112. first 
paragraph, is overcome. Withdrawal is respectfully requested. 

HI. Rejections of Claims 5-6 under 35 U.S.C. 51 12, Second Paragraph . 

The Examiner rejected Claims 5-6 under 35 U.S.C. §1 1 2, second 
paragraph, alleging that these claims omit essential steps relating to "negative 
limitations." 

Applicants submit that amended Claims 5 and 6 no longer recite the "negative 
limitations," thus rendering moot this basis for rejection. 

Applicants believe the rejection of Claims 5-6 under 35 U.S.C. §1 12, 
second paragraph, is overcome. Withdrawal is respectfully requested. 
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Conclusion 



Applicants' current response is believed to be a complete reply to all the 
outstanding issues of the latest Office action. Further, the present response is a 
bona fide effort to place the application in condition for allowance or in better 
form for appeal. Accordingly, Applicants respectfully request reconsideration and 
passage of the amended claims to allowance at the earliest possible 
convenience. 

Applicants believe that no additional fees are due with this communication. 
Should this not be the case, the Commissioner is hereby authorized to debit any 
charges or refund any overpayments to DNAX Deposit Account No. 04-1239. 

If the Examiner believes that a telephonic conference would aid the 
prosecution of this case in anyway, please call the undersigned. 



Customer No. 028008 

DNAX Research, Inc. 

901 California Avenue 

Palo Alto, California 94304-1 104 

Tel: 650-496-6400 

Fax: 650-496-1200 
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Understanding the Pathogenesis of Inflammation Using Rodent Models 

Identification of a Transcription Factor (NFkB) Necessary for Development of Inflammatory Injury 
Alex S. Lentsch and Peter A. Ward ^ 
|Ajax B Lernsch, Ph.D. , is Assistant Professor in the Department of Surgery, University of Louisville School of Medicine, Louisville, Kentucky. 
Peter A, Word, M.Q.. Is Professor and Chairman of the Department of Pathology. The University of Michigan Medical School, Ann Arbor, 
Mi&ntgan. . J 

Introduction 

Acute inflammation is a necessary response to tissue injury, designed to maintain homeostasis by returning the 
tissue to its preinjury state. In general, this response can be characterized as a cascade of events that result In 
complex, yet coordinated, interactions between blood leukocytes, blood vessels, and cells of the tissue(s) 
involved. These events are directed toward removal of injurious agents and restoration of normal tissue 
structure and/or function. However, dysregulated inflammatory processes cause many human diseases. Thus, 
successful development of therapeutic strategies to suppress undesirable inflammatory responses depends on 
two factors: (1) knowledge of the steps leading to activation of the inflammatory response and (2) an 
understanding of the regulatory mechanisms that serve to control the progression and/or resolution of the 
Inflammatory response. Much has been learned about these two factors using rodent models of inflammation. 

Lung inflammatory injury induced in rats by distal airway deposition of immunoglobulin G (IgG 1 ) immune 
complexes has been used for many years for the study of lung inflammation (Johnson and Ward 1974). The 
inflammatory pathways in this particular model are rather similar to events related to lung injury caused by 
ischemia (Caty and others 1990), by the presence of bacteria (Lechner and others 1993), or by bacterial 
lipopolysaccharide (Simons and others 1996) and therefore represent a model relevant to human disease. In 
rats and mice, hepatic ischemia and repeffusion results in both local and remote organ inflammation (Colletti 
and others 1990a; Jaeschke and others 1990; Lentsch and others 1998a). These models are clinically relevant 
because liver resectionai surgery (Huguet and others 1994), liver transplantation (Lemasters and Thurman 
1997). and hemorrhagic shock with fluid resuscitation (Vedder and others 1989) are all complicated by 
inflammatory organ injury stemming from ischemic insult to the liver. 

The inflammatory responses in lung and liver models share many similarities (Figure 1). The inflammatory 
insult causes complement activation as well as activation of tissue macrophages (Jaeschke and others 1993; 
Ward 1996). Activated macrophages generate the "early response" cytokines, tumor necrosis factor (TNF 1 )-a 
and interleukin (IL>1 (Colletti and others 1990b; Mulligan and Ward 1992). These cytokines stimulate 
vascular endothelial cells to express adhesion molecules (ICAM-1, E-selectin), which facilitate adhesion of 
blood neutrophils to the endothelium (Springer 1990). TNFa and IL-1 also stimulate the production of neu- 
trophil chemoattractants that are the chemokines of the IL-8 family of cytokines, from vascular endothelial cells 
and other tissue parenchymal cells (Schall and Bacon 1994), Vascular adhesion molecules and chemokines 
work in concert to bring about neutrophil transmigration from blood vessels to the tissue interstitium (Springer 
1994). In organs such as lung and liver, the accumulation of neutrophils together with activated macrophages 
results in lissue Injury mediated by the generation and release of oxidants and proteases (Jaeschke and others 
1996; Varani and others 1989). 

Regulation of Inflammatory Mediator Production by NFkB 

Recently, a considerable amount of research has been aimed at the upstream, molecular mechanisms that 
regulate gene expression of proinflammatory mediators. Using monocyte and macrophage cell lines in vitro, 
the transcription factor nuclear factor kappa B (NFkB 1 ) has been shown to be a major regulator of many 
functionally diverse proinflam-matory mediators. NFkB is a general term used to describe a number of dimeric 
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combinations of members of the Rel family of gene regulatory proteins that possess transcriptional activating 
properties (Ghosh and others 1998). The most common form of NFkB consists of a heterodimer of p50 
(NFkB1) and p65 (RelA) proteins. This complex has the ability to bind with promoter s quences in DMA and to 
inaugurate transcription (generation of mRNA) for many proinflammatory mediators. However, other 
combinations of Rel family members have been identified, and different configurations of Rel proteins (such as 
p65/p50 end p65/p52) may have preferential sensitivities to different target promoter sequences (Perkins and 
others 1992). In unstimulated cells, NFkB is retained in the cytoplasm through Interactions with inhibitory 
proteins of the inhibitory factor kappa B (IkB 1 ) family. To date, at least seven IkB proteins have been identified 
in vertebrates (Ghosh and others 1998). All IkB proteins contain ankyrin repeat domains, which function to 
facilitate protein-protein interactions. In the case of IkB/ NFkB interactions, ankyrin repeat domains of kB 
proteins prevent nuclear translocation of NFkB by masking nuclear localization sequences of the NFkB 
(hetero)dimers. In response to a wide variety of cellular stimuli, IkB proteins are dissociated from the NFkB 
complex and then proteolytically degraded (Figure 2). This process varies for different IkB proteins but involves 
phosphorylation of IkB by members of the kB-kinase (IKK) family (DiDonato and others 1 997). 
Phosphorylation targets IkB for ubiquination and degradation by the 26S proteasome. Degradation of IkB leads 
to "activation" of NFkB, which is defined as translocation of the NFkB complex from the cytoplasm to the 
nucleus. Once in the nucleus, NFkB binds specific promoter elements of DNA and Induces transcription of 
relevant genes. The specificity of NFkB for DNA promoter segments is dependent on nucleotide base 
sequences recognized by NFkB. The mediators under the control of NFkB include the proinflammatory 
cytokines TNFa and IL-1 (Collart and others 1990; Hiscott and others 1993). numerous chemokines (Widmer 
and others 1993), and many vascular endothelial cell adhesion molecules (Collins and others 1995), Obviously, 
the next logical step pursuant to the findings described above was to determine whether NFkB was involved in 
inflammatory responses in vivo. 

Use of Rodenl Models to Delineate the Role of NFkB during Inflammatory Reactions In Vivo 

As outlined in Figure 1 . the use of rodent models has allowed identification of many of the mediators involved 
in the development of acute inflammatory injury. The next objective was to apply the knowledge gained from in 
vitro studies of NFkB to determine whether this transcription factor was involved in the Inflammatory response 
occurring in complex organ systems. Initial studies in a rat model of systemic inflammation induced by 
intraperitoneal Injection of bacterial llpopolysaccharide demonstrated that activation of NFkB occurred in 
numerous tissues (Blackwell and others 1994; Essani and others 1996: Manning and others 1995), In addition, 
these studies showed that expression of chemokines and adhesion molecule mRNA was associated with 
NFrd3 activation. Subsequent studies of more carefully controlled models of inflammation helped characterize 
the precise role of NFkB during inflammation of different organs, 

NFkB Activation during Acute Lung Inflammation 

Using a rat model of lung inflammation induced by intra-pulmonary deposition of IgG immune complexes, the 
precise time course of NFkB activation during lung injury has been documented (Lentsch and others 1997, 
1998b). in this model, alveolar macrophages (obtained by bronchoaiveolar lavage) are activated by thB 
inflammatory insult (that is, IgG immune complexes) and rapidly demonstrate increased nuclear translocation 
of NFkB. The activation of NFkB in alveolar macrophages is associated with enhanced production of the 
proinflammatory cytokines TNFa and IL-1 (Mulligan and Ward 1992). These cytokines arB known to cause 
upregulation of chemokines and vascular adhesion molecules within the lung (Mulligan and others 1993; 
Shanley and others 1997). When either TNFa or IL- 1 was neutralized using blocking antibodies, lung NFkB 
activation was greatly attenuated (Lentsch and others 1998b). Furthermore, when alveolar macrophages were 
depleted using liposome-encapsulated dichloromethylene diphosphonate. lung NFkB activation was virtually 
abolished (Lentsch and others 1998a). in rats depleted of alveolar macrophages, lung instillation of TNFa 
caused activation of NFkB in whole lung tissues. These studies suggest that during acute inflammatory lung 
injury, activation of NFkB in alveolar macrophages may be responsible for proinflammatory cytokine 
production. These proinflammatory cytokines appear to propagate the inflammatory response in lung by 
activating NFkB in other lung cell types, possibly resulting in the expression of chemokines and vascular 
adhesion molecules in a variety of cell types. 

The importance of NFkB activation during lung inflammation has also been demonstrated in studies employing 
agents that specifically inhibit the nuclear translocation of NFkB. In vitro, antioxidants prevent the 
phosphorylation and degradation of IkB and limit the extent of nuclear translocation of NFkB (Ghosh and 
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others 1998). In vivo administration of the antioxidant N-acetyicystein suppressed lung NFkB activation 
induced either by intraperitoneal injection of llpopolysaccharide or by intrapulmonary deposition of IgG Immune 
complexes (Blackwell and others 1996; Lentsch and others 1998b). Interestingly, It was found that another 
antioxidant, catalase, was incapable of inhibiting lung NFkB (Lentsch and others 1998b). Because N- 
acetylcysteine is a very small molecule (163 d) that easily diffuses across cell membranes and catalase is very 
large (-240 kDa) and probably does not gain cellular entry, It appears that only oxidants generated in the 
cytoplasm of lung cells are involved In the activation of NFkB. 

The use of antioxidants in the study of NFkB is limited due to the relatively nonspecific nature of these agents. 
What is unclear in these studies is how the antioxidants affect NFkB activation. Furthermore, these agents also 
reduce tissue injury by scavenging the oxidants released from activated phagocytic cells. Thus, Information 
from these studies regarding the role of NFkB in inflammatory injury is somewhat speculative. In contrast, 
other studies employing anti-inflammatory cytokines known to regulate the production of TNFa and IL-1 have 
suggested that NFkB may be central to the acute inflammatory response. Two of the most potent 
antiinflammatory cytokines. IL^ 1 0 and IL- 1 3, greatly reduce lung inflammatory injury while almost completely 
suppressing activation of NFkB (Lentsch and others 1997). Inhibition of NFkB activation by both IL-10 and IL- 
13 was accomplished by preserving the cytoplasmic expression of the NFKB-inhibiting protein hcBp. These 
studies not only helped identify the in vivo antiinflammatory mechanisms of IL-10 and IL-13, but they also 
increased our understanding of the regulation of lung inflammatory injury. Both IL-10 and IL-13 are 
constitutively expressed In lung, and endogenous production of these cytokines serves as a negative feedback 
loop of the inflammatory response, potentially limiting the progression of inflammation by Inhibiting NFkB 
activation (Lentsch and others 1999a). in other studies, a serine protease inhibitor, secretory leukocyte 
protease inhibitor (SLPP), was shown to suppress lung inflammatory injury as well as Inhibit the activation of 
NFkB (Lentsch and others 1999b). These inhibitory effects of SLPI were associated with upregulatlon of the 
NFKB-inhibiting protein hcBp. Blockade of endogenous SLPI with antibody augmented the lung inflammatory 
response and enhanced activation of NFkB (Lentsch and others 1999b). These studies strongly suggest that 
endogenous IL-10 F IL-13. and SLPI regulate the inflammatory response in vivo by their effects on NFkB 
activation. 

NFkB Activation during Acute Liver Inflammation 

The involvement of NFkB in acute livBr inflammation induced by hepatic ischemia and repeffusion in rats and 
mice has also been evaluated. In these models, hepatic ischemia causes activation of liver macrophages 
(Kupffer cells). These cells release reactive oxygen species and proinflammatory cytokines, including TNFa, 
which may directly injure liver parenchymal (hepatic) cells. However, enhanced production of TNFa plays a 
more important role in the initiation of a cascade of events leading to the later phase of liver injury, which Is 
mediated by neutrophils (Figure 1). One of the main functions of TNFa is the hepatic upregulation of adhesion 
molecules and neutrophil-attracting chemokines (Colletti and others 1995, 1998; Lentsch and others 1998c). 
The coordinated actions of adhesion molecules and chemokines mediate the recruitment of neutrophils into 
the liver. Sequestered neutrophils release proteases and reactive oxygen intermediates, which directly damage 
hepatocytes and endothelial cells and also contribute to capillary plugging, causing hepatic hypoperfusion 
(Jaeschke and others 1996; Vollmer and others 1996). 

Using this model, activation of NFkB In the liver was shown to occur shortly after repeffusion (Bradham and 
* others 1 997; Yoshidome and others 1 999; Zwacka and others 1 998a). Although the details of cell-specific 
NFkB activation have not yet been delineated in this model of inflammation, the time course of activation is 
consistent with upregulation of vascular cell adhesion molecules and chemokines within the liver (Colletti and 
others 1998; Lentsch and others 1998c). Similar to studies of lung inflammation, treatment with anti-oxidants 
reduced liver injury in association with suppressed activation of NFkB (Zwacka and others 1998b). In addition, 
investigations of IL-10 and SLPI demonstrate that these antiinflammatory mediators also reduce hepatic 
ischemia/ reperfusion injury through effects on NFkB (Lentsch and others 1999c; Yoshidome and others 1999). 
These effects are of interest because unlike the lung in which NFkB activation is associated with degradation 
of iKBa (Lentsch and others 1997, 1998b). activation of NFkB during hepatic ischemia/reperfusion occurs 
without measurable degradation of either hcBa or kBp (Zwacka and others 1998a). A possible explanation is 
that exogeaously administered IL-1 0 or SLPI may augment production of BcB proteins as a mechanism of their 
inhibitory effects on NFkB. However, whether endogenous production of these mediators regulates NFkB 
activation and liver inflammatory injury remains to b determined. 

Conclusion 
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The use of rodent models of inflammation has allowed detailed investigation into some of the earliest events in 
the induction of the acute inflammatory resp nse. Because transcription factors such as NFkB control gene 
expression of mediators at every level of the inflammatory response (proinflammatory cytokines, chemokines, 
adhesion molecules), knowledge gained from work done in animal models offers valuable therapeutic potential. 
Furthermore, these models have provided information critical to a more complete understanding of the 
regulation of inflammatory processes. It is very interesting that antiinflammatory mediators as diverse in 
function as cytokines (IL-10 and IL-13) and a protease inhibitor (SLPl) may suppress Inflammatory responses 
through effects on a single transcription factor (NFkB). Investigations of these mediators have also been 
performed in vitro, and although IL-10 and IL-13 suppress NFkB activation in monocytes and macrophages, 
SLPl does not (Lentsch and others 1999b). These types of findings illustrate the necessity for the use of 
rodents in inflammation research end emphasize the fact that in vitro studies are often inadequate for a 
reflection of the in vivo response. 

1 Abbreviations used in this article: IgG, immunoglobulin G; lr f B, Inhibitory factor kappa B; IL, interleukin; 
NF-rB, nudear factor kappa B; SLPl, secretory leukocyte protease inhibitor. TNFCt, tumor necrosis factor-ct 
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Figure 1 Common pathway of acute inflammatory tissue injury. TNFcc, tumor necrosis factor-a; IL. interleukin. 
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Figure 2 Mechanism of NFkB activation. kB, inhibitory factor kappa B; NFkB, nuclear factor kappa B. 
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The Acute Inflammatory Response and Its Regulation 



Peter A. Ward, MD; Alex B. Lcntsch, PhD 



The acute inflammatory response is composed of an elaborate cascade of both proin- 
flammatory and anti-inflammatory mediators. The balance between these mediators 
often determines the outcome after injury. In clincal scenarios, such as trauma or sep- 
sis, there is often unregulated production of proinflammatory mediators that can cause 
multiple organ failure. Further understanding of the endogenous mechanisms that control the in- 
flammatory response is needed to facilitate development of therapeutic options. In this review, we 
discuss the current knowledge of the mechanisms leading to development of acute inflammatory 



injury as well as the factors that regulate this response. 

The inflammatory process is a vital re- 
sponse to injury, infection, trauma, and 
many other insults. For a successful out- 
come after injury (including surgically in- 
duced trauma), the inflammatory re- 
sponse must be triggered to bring about 
recruitment of blood leukocytes, activa- 
tion of tissue macrophages, and produc- 
tion of a series of mediators. The results of 
this may include ultimate resolution of the 
inflammatory process, triggering events that 
lead to cell regeneration and wound heal- 
ing, or progression of the inflammatory re- 
sponse, which often leads to progressive or- 
gan dysfunction. Unders landing how the 
Inflammatory process is activated and how 
it is contained are key to developing strat- 
egies designed to block or reduce inflam- 
matory responses, similar to immunosup- 
pressive interventions when immune 
responses are unwanted (eg, allograft re- 
jection) or exaggerated (eg, autoimmune 
responses), A good example of an unde- 
sirable inflammatory response occurs in the 
**systemic inflammatory response syn- 
drome" during sepsis. In this situation, cy- 
tokines (eg, interleukin 1 [IL-lL IL-6, tu- 
mor necrosis factor cx [TNF-cxl) ate 
detectable in the plasma, suggesting un- 
regulated generation of these highly in- 
flammatory peptides. 1 Under such condi- 
tions multiorgan failure often occurs. What 
remains to be determined is why, during 
sepsis, there is uncontrolled production of 
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cytokines and how these cytokines may be 
involved in multiorgan failure, 

THE INFLAMMATORY CASCADE 
AND NEUTROPHIL RECRUITMENT 

Much of our work, which has provided in- 
formation about mediation of the acute in- 
flammatory process, has occurred in the 
context of acute inflammation in lungs of 
rats. For convenience, these reactions are 
triggered by distal airway deposition of IgG 
immune complexes > which trigger comple- 
ment activation and macrophage activa- 
tion that ultimately result in large accumu- 
lations of neutrophils, interstitial and 
inira-alveolar edema, and inlra-alveolar 
hemorrhage, each of which can be pre- 
cisely quantitated. 2 The general scheme of 
the inflammatory response is outlined in 
Pfgur* T . Hie inflammatory pathways in 
this particular model are very similar to 
events related to lung injury caused by is- 
chemia/ by the presence of bacteria/ or by 
bacterial ^polysaccharide, 5 These events 
trigger complement activation as well as ac- 
tivation of tissue macrophages. Activated 
macrophages generate the "early response 
cytokines,** TNF-ot and IL-L A chief func- 
tion of these cytokines is to stimulate vas- 
cular endothelial cells to express vascular 
adhesion molecules, such as intercellular 
adhesion molecule 1 (1CAM-1) and E- 
selectin. 6 Through a series of adheston- 
promoiing events, blood neutrophils ad- 
here Lntermittenily to endothelial cells (the 
"rolling" phenomenon), followed by firm 
attachment and transmigration into the 
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flQun 1. Mode! ot acute Inflammatory tvng 
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(CAM-), mreeiiuiar adlmfon motecuie 1. 

interstitial and alveolar compart- 
ments. The intermittent attachment 
phenomenon features endothelial se- 
lectin interactions with u count er- 
receptorr." on neutrophils that con- 
tain oligosaccharides with the sialyl 
Lewis* inothV Firm attachment of 
neutrophils to the endothelium in- 
volves endothelial ICAM-1 interac- 
tions with neutrophil (32 integrins 
(CD1U/CD18 and CDlIb/CDlSV 
Activated endothelial cells also ex- 
press pUtelet-activating factor and 
IL-8, powerful neutrophil-srimulat- 
ing agon ists. 9 Accordingly, when neu- 
trophils adhere to the activated en- 
dotheliui ii, ihey also become activated 
or "prim ed," so that arrival at an ex- 
tra vascular site containing a neutro- 
phil agonist such as TNF-a causes an 
exaggeni ted functional response in 
these neutrophils. The entry of neu- 
trophils into the alveolar compart- 
ment together with tissue-activated 
macrophages sets the stage for in- 
jury of hi nh lung cells and matrix gly- 
coproteins (eg,collagens, elastin). In- 
jury is related to .generation of 
oxidants by phagocytic cells (de- 
scribed below) and the release of pro- 
teases (serine proteases arid matrix 
metallopro teases). 10 

OX1 D ANT-GENERATING 
PATHWAYS 

Most oxidants generated during the 
inflammatory response derive from 
phagocy lie cells (neutrophils, mac- 



rophages, and monocytes) and are 
released into the extracellular envi- 
ronment, in part at least because one 
of the oxidants (nicotinamide ad- 
enine dinucleotidc phosphate 
[NADPH] oxidase) is assembled in 
an enzymatically active form on sur- 
faces of phagocytic cells. As shown 
in Flgur* 2, the 2 chief oxidanl- 
generating pathways include 
NADPH oxidase and inducible ni- 
tric oxide synthase,"- 1 * The former 
enzyme exists as inactive subunits 
that are located both on the cell 
membrane and in the cytosol. Cell 
activation causes translocation of cy- 
tosolic subunits to the cell mem- 
brane, resulting in a multimehc 
complex that exhibits oxidase ac- 
tivity. The pathway of oxidant 
generation by NADPH oxidase is 
described in Figure 2 and is charac- 
terized by an unusual series of single 
(rather than double) additions of 
electrons. In the presence of the oxi- 
dase, NADPH undergoes oxida- 
tion. The released electrons inter- 
act with molecular oxygen to cause 
its reduction, forming superoxide 
anion (Oj ). One function of 02 is 
to reduce intracellular iron, convert- 
ing Fe** to Fe 3 *. A further .electron 
addition to Oj converts it to hydro- 
gen peroxide (H 2 0 2 ), which can be 
further reduced to the most active 
of all oxygen-centered radicals, the 
hydroxyl radical (HO*). Genera- 
tion of hydroxyl radical requires a 
heavy metal (such as iron) in its tran- 
sition (unstable) state (Fe 1 *). In giv- 
ing up an electron to hydrogen per- 
oxide, Fe 1 * is reoxidized to Fe 3 *. 
Hydroxyl radical is a highly reac- 
tive and damaging radical If it is fur- 



ther reduced, the product is water. 
In the context of phagocytic cells, 
such as neutrophils, release of my- 
eloperoxidase in the presence of a 
halide, such as chloride (CI"), will 
enzyma tically convert hydrogen per- 
oxide to hypochlorous acid, an- 
other potent oxidant. 

A second major Oxidant- 
generating pathway in phagocytic 
cells involves inducible nitric oxide 
synthase, which is typically not ex- 
pressed in resting (nonstimulated) 
cells, especially macrophages. On cell 
activation, however, inducible ni- 
tric oxide synthase is transcription- 
ally up-regulated, reacting with L- 
arginine to generate nitric oxide 
(NO) , which relaxes smooth muscle 
cells and is mildly reactive with aro- 
matic amino acids to form stable ad- 
ducts, such as nitrotyrosine. These 
modifications of tyroslne-comain- 
ing proteins have often been found 
at Sites ofinflammation. Depending 
on the protein and the position of the 
tyrosine residue, nitrosylation may 
impair protein function. Nitric ox- 
ide is converted to peroxynitrite an- 
ion (ONOO ), which is highly reac- 
tive with thiol groups. Peroxynitrite 
anion can be further converted to hy- 
droxyl radical in the absence of the 
requirement for a heavy metal cat- 
ion. Finally, peroxynitrite anion is ul- 
timately broken down into NOr and 
NOj", which serve as convenient 
quantitative surrogate markers of ni- 
tric oxide. 

These 2 oxidant-generating 
pathways in phagocytic cells ac- 
count for many tissue-damaging out- 
comes of inflammatory responses 
and may well impair physiological 
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responses to injury. Oxidants may 
perturb phagocytic cells to inappro- 
priately generate mediators, such as 
cytokines and chemokines. While 
chemically derivaiized versions of L- 
arginlnc effectively antagonize the 
ability of inducible nitric oxide syn- 
thase to react with its natural sub- 
strate 0-arginine), the in vivo use 
of such compounds leads to prob- 
lems, because they also antagonize 
constitutive nitric oxide synthase of 
endothelial cells, leading to a loss in 
the regulation of vascular smooth 
muscle tone, resulting in systemic 
hypertension. There are, to our 
knowledge, no reliable^ specific, and 
efTectivt- inhibitors in vivo for ei- 
ther N ADPH oxidase or inducible ni- 
tric oxitle synthase. 

MECHANISMS OF 
PHAGOCYTIC CELL 
ACTIVATION 

Since phagocytic cells, especially 
macrophages, are key sources of in- 
flammatory mediators (such as cy- 
tokines and chemokines), under- 
standing their activation process is 
important if inhibition of their me- 
diator generation is to be successful 
When a macrophage is activated (eg, 
after contact with bacteria, bacterial 
lipopolysaccharide, TNF-ct, or many 
other agonists), a series of intracel- 
lular eve nts leads to transcriptional 
activation of the ceU (Flgvro 3), A 
heierotlimeric complex termed 
nuclear factor kB (NF-kB) contains 
2 subuni rs, most often p50 and p65. a 
This complex has the ability to bind 
with promoter sequences in DNA and 
to inaugurate transcription (genera- 
lion of n \ essanger RN A) for many in- 
flammaiory peptides. However, the 
NF-kB complex is held in check in 
the cytosol by inhibitors of the in- 
hibitor ► B (IkB) family, which bind 
to the N F-kB complex and prevent 
its entry into the nucleus (transloca- 
tion) and subsequent binding to 
DNA. l+ Typically, when the macro- 
phages at e activated, IkB undergoes 
phosphorylation and ubiquination. 
Those changes set the stage for the 
26S proieosome to enzymatically 
cleave Ik TV The liberated NF-kB com- 
plex can then translocate to the 
nucleus, engage DNA-promoter se- 
quences, and cause transcriptional 
up-regulation of mediators such as 
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TNF-a, IL-1 , and 1CAM-1. Details of 
the NF-kB pathway are especially rel- 
evant to understanding how the in- 
flammatory system is regulated by 
certain interleukins. 

REGULATORY INTERLEUKINS 

As described above, the experimen- 
tal model of IgG immune complex- 
induced acute alveolitis is known to 
be self-regulated. After 4 hours, there 
is no further progression in the al- 
bumin leak* cessation in further neu- 
trophil recruitment, and rapid dis- 
appearance of mediators such as 
TNF-a. There is evidence that these 
inflammatory reactions also ini- 
tiate the appearance of a series of 
regulatory cytokines that prevent 
continuation of the inflammatory re- 
sponse. 

Regulatory ILs were originally 
discovered by their ability to inhibit 
cytokine (TNF-a) generation in mac- 
rophages stimulated in vitro with ago- 
nists such as lipopolysaccharidc. Sev- 
eral of these ILs also inhibit in vitro 
T-cell responses. Animals that are un- 
able to express IL-10 ("IL-10 knock- 
out" mice) develop a progressive 
chronic inflammatory bowel dis- 
ease similar to that in found in ul- 
cerative colitis, " Interleukln 10 
knockout mice are also reported to 
be unable to contain a variety of other 
inflammatory responses (acute in- 
flammation, delayed type hypersen- 
sitivity, etc). Using the model of im- 
mune complex-induced alveolitis in 
rats, several ILs were found to have 
a strong an ti- inflammatory re- 
sponse, the rank (from most potent 
to least potent) being IL-10 = 
lL-13>n^>IL-6>rL-12. 16 The ad- 
dition of exogenous ILs to rat lung 
caused reduced generation of TNF-a 
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in lung, which was associated with 
greatly reduced up-regulation of lung 
vascular ICAM-l, leading t re- 
duced accumulations of neutro- 
phils and diminished injury of the 
lung. The anti-inflammatory effects 
of some of these ILs extend to other 
inflammatory responses. For in- 
stance, virally induced in vivo ex- 
pression of IL-10 or delivery of IL-10 
by osmotic pumps greatly sup- 
presses rejection of allografted hearts 
in mice and rais» I,Ji The molecular 
mechanisms to explain these inhibi- 
tory outcomes are described below. 

ROLES OF ENDOGENOUS 
REGULATORY ILs 

The rat lung inflammatory model de- 
scribed above was used to assess the 
role of endogenous ILs. Comple- 
men tary DNA for candidate ILs were 
cloned in the rat, the proteins were 
expressed, and blocking antibodies 
were developed. Assessing candi- 
date endogenous regulatory ILs re- 
quired the ability to demonstrate ex- 
pression in lung of messenger RNA 
and protein For a given IL. In the 
most critical part of these studies, 
animals were treated with blocking 
antibody to the appropriate IL and 
the inflammatory response was 
quantitated. If a regulatory IL were 
blocked in vivo, then the expected 
Outcome of the inflammatory re- 
sponse would be increased produc- 
tion in lung of TNF-a, increased ex- 
pression of lung vascular ICAM-l, 
increased neutrophil accumulation 
in lung, and enhanced evidence of 
lung injury. Studies have identified 
the appearance of at least 3 regula- 
tory ILs in the hing inflammatory re- 
sponse: 1L-6. IL-10, and IL-13. 1 «' 
Blockade of any 1 of these 3 ILs in- 
creased TNF-a levels in lung and 
caused an increase of at least 50% in 
the number of neutrophils re- 
cruited into lung! 

Another regulatory factor iden- 
tified in these studies was the IL-1 re- 
ceptor antagonist (IL-lra). IL^lra is 
known to be a product of stimu- 
lated macrophages. It is often re- 
leased in vitro following macroph- 
age production of TNF-a and IL-1 
and functions as a receptor "decoy," 
binding to the IL-1 receptor with- 
out triggering a cell response, thus 
competing with the ability of IL-1 to 
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bind to its natural receptor and to 
trigger signal transduction events, Tn 
the lung inflammatory model, both 
messenger RNA and protein for 1L- 
lra were found in lung tissues. In- 
deed, the protein could be detected 
both in macrophages and in neutro- 
phils recruited into the lung. Anti- 
body-in>:luced blockade of endoge- 
nous IL Ira, as with aml-lX-lO, 
increased neutrophil accumulation by 
nearly 200%, notably increased the 
degree o I excravascular albumin leak, 
and caused a nearly 2-fold increase 
in brom hoalveolar lavage levels of 
IMP G)ut did not affect broncho- 
alveolar lavage levels of TNF-a). 22 
These data fairly convincingly indi- 
cate thai endogenous U--lra is an- 
other regulator of the inflammatory 
response, at least in the lung. 

MECHANISM OF REGULATION 
OF THE INFLAMMATORY 
RESPONSE 

How regulatory ILs (eg, IL-10, IL- 
13) regulate the inflammatory re- 
sponse has been determined. As in- 
dicated in Figure 3, when the 
inflammatory response is triggered, 
there Is in cytosolic extracts a rapid 
and profound loss of IkB because of 
its hydrolysis by the 26S proiea- 
some. This allows translocation of 
NF-kB to the nucleus, where gene ac- 
tivation occurs. In the presence of 
IL-10 oi IL-13, activation of NF-kB 
fails to lake place and the genera- 
tion of inflammatory mediators is ac- 
cording ly suppressed. 23 The strik- 
ing finding was that IL-10 or EH3 
prevented the loss of IkB in the in- 
flamed tissue. In other words, break- 
down ol IkB failed to occur, for rea- 
sons that are not known. There was 
no evidence that either IL- 1 0 or IL- 1 3 
cause transcriptional up-regulation 
(appearance of messenger RNA) of 
IkB. Retention of IkB prevented the 
translocation of NF-kB to the criti- 
cal binding sites on DNA. The fail- 
ure In breakdown of IkB may be re- 
lated to i he ability of IL-10 or IL-13 
to intertere with the phosphoryla- 
tion and ubiquination of IkB, or in- 
terference in the enzymatic activity 
of the 26S proteosome. Whatever the 
explanai ion, IL-10 and IL-13 seem lo 



inhibit fundamental mechanisms 
leading to signal transduction and 
gene activation in pathways of the in- 
flammatory response. It remains to 
be determined to what extent in vivo 
inhibition of NF-kB activation will 
represent a new approach for anti- 
inflammatory therapy. 



(OM. I. US IONS 



The acute inflammatory response is 
an essential and protective re- 
sponse in injured tissues; when suc- 
cessful, it restores the tissues to their 
preinjury state. On the other hand, 
there are many diseases and syn- 
dromes in which the inflammatory 
response produces adverse and 
sometimes life-ihreatening out- 
comes. In sepsis, it seems that the in- 
flammatory response is no longer 
regulated, causing the appearance 
systemically of a variety of proin- 
flammatory cytokines. These me- 
diators cause expression of vascu- 
lar adhesion molecules that facilitate 
the recruitment of blood leuko- 
cytes, especiaUy neutrophils. In- 
jury resulting from the inflamma- 
tory response is due to phagocytic 
cell production of oxidants and pro- 
teases. Central to generation of in- 
flammatory mediators is activation 
In phagocytic cells of NF-kB. The in- 
flammatory response is naturally 
regulated by a variety of endoge- 
nous factors, including IL-10 and IL- 
13. These ILs suppress the inflam- 
matory response by blocking 
activation of NF-kB. The data sug- 
gest that a novel approach to inhi- 
bition of the inflammatory re- 
sponse' would be to suppress the 
activation of NF-kB in vivo. 
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SKIN is the primary interface between the body 
:md the environment. The spectrum of insults 
ro which skin is susceptible includes disorders 
caused by chemical and microbial agents, thermal and 
electromagnetic radiation, and mechanical trauma. 
The most damaging consequence of the disruption 
of skin is invasion by pathogenic microorganisms, and 
the need for an effective means of protection against . 
this challenge has been a fundamental force behind the 
evolution of the immune system. The translation of 
insult t inro cutaneous inflammation (innate immu- 
nity) md the recruitment of memory T lymphocytes 
that have clonally expanded in response to antigens 
encountered at the cutaneous interface with the en- 
vironment (acquired immunity) arc both required for 
successful cutaneous immune surveillance, 

Cei Lain memory T cells appear to remember che 
anatomical site where they first encountered antigen. 
Specifically, there is an identifiable subgroup of mem-* 
ory T ceils wirh the ability to circulate preferentially to 
the skin. These memory T cells, identified by a mark- 
er known as cutaneous lymphocyte antigen (CLA), 1 
are generated in lymph nodes draining skin and arc 
rccruiied back to the skin during inflammation. Al- 
though their primary function is cutaneous immune 
surveillance, CIA-positive T cells have been implicat- 
ed in i he pathogenesis of relatively rare skin diseases* 
such as cutaneous T-cell lymphoma 1 and graft-ver- 
sus-host disease after allogeneic bone marrow trans- 
plantation. 3 CLA-posicive T cells also mediate many 
common skin diseases, including allergic contact der- 
matitis, psoriasis, atopic dermatitis, alopecia areata, 
vitiligo* drug-related eruptions, and lichen planus. 3 
The patterns of T-cell movement and migration that 
mediate cutaneous immune surveillance are central 
to an understanding of the clinical and pathological 
features of T-cell- mediated skin diseases. 



Pram che Harvard Skirt Dbcue Research Center. Harvard Universuy; 
and the Division of DenrnroloBy, Department of Medicine, Brigharo and 
Women \ Hottpical — bath in Boston. Addrew reprint rcquwu to Dr. Kp[>- 
pcr W The Harvard Skin Disease Kexcarch CciUCf, Harvard InscicuLCJ of 
Meificbv, 77 Awe. Lcuifi Pa»reur, Boaon, MA 02115, or « cskupperd 
ricjLbwh.narvard.ctiu. 

©199^, MassrchuscEti Medical Society. 



T CELLS AND IMMUNE SURVEILLANCE 

Whereas antibodies recognize three-dimensional 
conformations of macromolectdes, T-cell antigen re- 
ceptors recognise antigens as fragments of macro- 
molecules bound to antigen-presenting proteins on 
the surface of antigen-presenting cells. These cell- 
surface proteins include class I (HLA-A, B, and C) 
and class II (HLA-D) major histoGompatibility com- 
plex molecules, which bind peptide antigens for pres- 
entation to CD8+ and CD4+ T cells, respectively,*.* 
and GDI molecules, which bind nonpeptjde antigens 
for presentation to a different subgroup of T cells, 4 * 5 
T-cell antigen receptors arc hcccrodimcric proteins 
composed of a/p or y/S chains. These receptors are 
encoded by four genes containing a large number of 
discrete generic elements that rccombinc during in- 
rrathymic difrerentiation, generating an almost unlim- 
ited repertoire of T-cell receptors, each vvith a unique 
specificity. 6 This great diversity is both a strength 
and a weakness. Although there may be a T-cell an- 
tigen receptor that is specific for every possible pep- 
tide antigen from a pathogen, establishing condi- 
tions in vivo under which a T cell will encounter the 
antigen for which its unique antigen receptor is spe- 
cific represents a substantial logistic challenge. 

The migratory behavior of T ceils allows the im- 
mune system to overcome this logistic challenge. 
T cells that have never been activated by antigen (na- 
ive T cells) efficiently migrate from blood into lymph 
nodes 3 - 7 and return co blood through efferent lym- 
phatics. The mechanisms by which chase T cells en- 
ter lymph nodes from blood involves specific com- 
binations of adhesion molecules and chemokines on 
specialized postcapillary venules in the endothelium 
(high endothelial venules), as well as L-seleetin and 
other adhesion molecules and chemokine receptors 
on the T cells. 8 * 9 Naive T cells lack the specific com- 
binations of adhesion molecules and chemokine re- 
ceptors required to enter excranodal tissues from 
blood (Eg- 1). 

The presentation of antigen to T cells, which is 
necessary for their activation, requires both the bind- 
ing of the antigen -HLA or antigen- CD1 complex 
with the T-cell antigen receptor and additional co- 
stimulatory signals delivered by the antigen -present- 
ing cells. Dendritic cells arc specialized antigen- pre- 
senting cells that express high levels of costimulatory 
molecules and are uniquely capable of activating naive 
T cells in lymph nodes, Skin contains large numbers 
of dendritic cells, in both the epidermis (Langerhans 1 
cells) and the dermis. 11 * 12 Macromolecules (including 
those derived from microorganisms) introduced af- 
ter the skin has been disrupted are efficiently inter- 
nalized by dendritic cells. After enzymatic process- 
ing in the endosomes of these cells, the antigens arc 
bound to antigen-presenting molecules, and the re- 
sulting complex is expressed on the cell Surface for 
presentation co T cells. 5 - 1113 These dendritic cells 
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Figure 1. Movement of Previously Uneetrvatad j cells Bnd CLA-Posltlve. Skin-Homing Memory T Celts. 

T cells that have not previously been activated (naive T cells] am continuously recirculating between blood and lymphoid organs. 
Trie*© cells express high levels of L-selectin, allowing them to attach to and roll on the surface of the high endothelial venules (HEV) 
in lymph nodes. The rolling T cells are activated by tha secondary lymphoid -tissue chemokine, 1 * which is constitutive! y expressed 
on the luminal surface of the venules. ThB T calls are then activated by the chemokine receptor CCR7," which allows them to bind 
tightly ro Intercellular adhesion molecule 1 in the venules through lymphocyte functional antigen 1. The T calls can then extra vb sate 
through tha HEV into the lymph node, where they accumulate in biubb that ere already rich in T cells. They then exit the node 
through efferent lymphatics and return to the blood. ThiB pattern of movement is represented by the blue loop in the figure. Anti- 
gen-presenting cells that reside in the akin, such as Lengthens' cells end dermal dendritic calls, internalize foreign antigens in the 
Bldn end migrate to the lymph nodes through efferent lymphatics. Whan a naive T cell encounters the antigen for which it is specific 
on an antigBn-presentIng cell In e skin-draining lymph node, it is activated end becomes a memory T cell (black arrow), with the 
expression of cutaneous lymphocyte antigen (CLA) and a distinct (although undefined) set of chemokine receptors. Endowed with 
these fikin-homing molecules, antigen-specific, CLA-positive T calls possess the molecular keys that allow them to migrate to skin, 
the siti! where the antigen was first encountered by the host. At leasi some of these CLA-posrdve memory T eel la retain the capacity 
to exit HEV and enter the lymph node. The red loops in the figure represent the two possible patterns of movement of memory 
T cells 



migrate through afferent lymphatics and collect in 
lymph nodes replete with naive T cells that have re- 
cently entered the lymph nodes from the blood. In 
this fashion, antigens derived from a large surface 
area of skin are concentrated at a single specialized 
site (the lymph node), where they come tnco contact 
with naive T cells, making it likely that an interaction 
between antigen and T-cell antigen receptor will oc- 
cur (Fig. 1). 



Once these T cells have been activated by an an- 
tigen, they proliferate and express activation mole- 
cules, undergoing the transition to memory T cells. 7 - 14 
During this transition, the T cells acquire new mo- 
lecular keys that allow them to exit the blood vessels 
in extranodal tissues,* 1 * Lymph nodes that drain dif- 
ferent epithelial interfaces with the environment (e.g., 
skin and the gastrointestinal tract) generate pheno- 
typically distinct memory T cells that can exit the ves- 
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sels at these specific cxtranodal sites. 7 The best-stud- 
ied T-cell component mediating this phenomenon is 
CLA, a glycoprotein molecule first expressed during 
the transition of T cells from previously unactivated 
cells to memory cells in lymph nodes that drain the 
skin. 3 The expression of CLA by T cells involves the 
indudion of gjycosylation enzymes that modify a pre- 
existing protein (P*sclcccin glycoprotein ligand 1) in 
a highly specific fashion. 16 Thus, memory T cells in 
inflammatory skin diseases express CLA on their sur- 
face; in contrast, T cells in inflammatory diseases in- 
volving tissues other than skin are predominantly 
CLA- negative- 3 

CLA is more than just a marker that identifies 
skin-specific T cells. It is an adhesion molecule that 
mediates the initial tethering of T cells to the endo- 
thelium in cutaneous postcapillary venules. 15 *** This 
step h required tor the subsequent slowing, arrest, 
and extravasation of the T cells, allowing them to 
overcome the substantial forces exerted by blood 
flow. 1 **- 1 * E-selectin, the endothelial ligand for CLA, 
is expressed consritunvely at low levels on cutaneous 
microvcsscls, but its expression is strongly up-regu- 
lated during cutaneous inflammation. 1 * 7 The prefer- 
ential expression of E-seicctin in skin helps select for 
CLA- positive T cells under both normal and inflam- 
matory conditions. Although interactions between 
CLA ,md E-selectin are required as the initial step in 
the extravasation of T cells from the blood into the 
skin, the activation of T cells through chemokines 
and the firm adhesion of T cells to the endothelium 
throufrh interactions between intcgrin and cell adhe- 
sion molecules arc also required 1 * (Fig. 2). The ex- 
pression of unique chemokinc receptors by CLA-pos- 
itivc T cells and the preferential expression of their 
respective chemokine Ligands by skin cells increase 
the specificity of these T cells for skin. 19 

CUTANEOUS INFLAMMATION, 
CYTOKINES, AND NUCLEAR 
FACTOR- *B -MEDIATED PATHWAYS 

Infc:rleukin-1 and tumor necrosis factor a, which 
have been called primary cytokines, have broad effects 
that are relevant to inflammation and immunity. 20 The 
cpidomis is a storehouse of intcrlcukin-la and can 
produce large amounts of inter leukin-10 and tumor 
necrosis factor a. 1 "- 21 After binding to their receptors, 
these cytokines activate several cellular signaling path- 
ways, including the nuclear factor-/cB (NFkB) path- 
way. 11 ' Among the many genes regulated by NF-kB 
in skin cells, those that arc central to the initiation of 
cutaneous inflammation include the genes for E-selec- 
rin, chemokines and cytokines, defensins (antibacteri- 
al peptides), intercellular adhesion molecule 1, and 
vascular-cell adhesion molecule l. 22 

Cytokines arc not the only means of inducing 
NF-kB responses in skin. Plants, insects, and mam- 
mals share a family of innate immune-cell surface re- 



ceptors that signal through NF-/cB (or its plant and 
insect hornologues), 23 In humans, these arc known 
as Toll-like receptors (receptors that resemble the 
drosophila Toll protein). 3 * Rather than binding cy- 
tokines, these receptors recognize conserved mole- 
cules derived from microbes; Toll-like receptor 2 was 
recently identified as a signal -transducing receptor for 
gram -negative bacterial lipopolysaccharide, as well as 
graiD-posirive bacterial lipotckhoic acid. 35 - 26 Although 
their extracellular ligands arc different, Toll -like re- 
ceptors use multiple intracellular molecular dements 
in common with primary cytokine receptors, culmi- 
nating in the translocation of NF-tfB to the nucleus 22 
and the transcription of genes that play an important 
part in cutaneous inflammation (Fig. 3). Many Toll- 
like receptors have been described, but the ligands 
for most of them arc unknown. 23 

NF-kB -mediated inflammation in skin appears to 
be a final common pathway tor the translation of en- 
vironmental insults into inflammation and is a crucial 
element of innate immunity (Fig. 3). Even ultraviolet 
radiation from Sunlight induces ligand-independent 
clustering and activation of intcrlcukin-I and tumor 
necrosis factor receptors, 27 leading to NF-kB -medi- 
ated inflammation. 

CLA-POSITIVE T CELLS AND CUTANEOUS 
INFLAMMATION 

CLA-positive T cells represent 10 to 15 percent of 
all circulating T cells in peripheral blood, and although 
they have some features in common (e.g., their ex- 
pression of CLA and certain chemokinc receptors), 
their T-cell antigen-receptor specificities arc quite het- 
erogeneous. Furthermore, CIA-positive T cells may 
be positive for either CD4 or CDS, and once acti- 
vated, they may be capable of producing either type I 
T-cell cytokines ( interferon -y, intcrleukin-2, and iyra- 
phoraxin) or type 2 T-cell cytokines (inicrlcukin-4, 
5, 10, and 13)- This heterogeneity of phenotype and 
function is likely to be important for a successful and 
flexible host response to the plethora of distinct patho- 
gens encountered in skin- 

How do insults to the skin trigger immune sur- 
veillance and immunity mediated by CLA-positive 
T cells? NF-kB transcriptional activation induces in- 
flammation, 22 favoring the recruitment of CLA-pos- 
itive T cells ro skin through E-selectin, chemokines, 
and cell adhesion molecules. Thus, cutaneous in- 
flammation preferentially recruits memory T cells that 
have been activated by skin-related antigens. Because 
circulating CLA-posiUvc T cells have previously en- 
countered antigens in lymph nodes draining skin, 3 
tills mechanism of immune surveillance mediated by 
memory T cells is based on the principle that com- 
mon things occur commonly — in this case, that an- 
tigens encountered previously in skin may be respon- 
sible for (or at least associated with) the new insult. 

Extravasation of CLA-positive T cells into skin does 
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Figure 2. Extravasation of a CLA-PosrtTVd Memory T Cell into Inflamed Skin. 

Skin Injury or infection results in the activation of the nuclear facwr-xB (NF-kB) pathway through cytokine receptors (lntertaukin-1 
or tumor necrosis factor a |TNF-a)> or TolMIke receptor*. Microbial products may directly activate this pathway. The result ia the tran- 
scription of many genea that contain kB sitae in their promote In a variety of skin cells. In endothelial cells, these, include the adhe- 
sioii i molecules E-aelectin, intercellular adhesion molecule 1 (ICAM-1), and vascular^!! adhesion molecule 1 (VCAM-1). To extrave- 
sete into akin, T cells must Slow their velocity In the circulation. To do SO. they use CLA-P-selectln glycoprotein ligand 1 (CLA-PSGL-1) 
cell-surrace molecules, located on the tips of microvilli, to bind to E-eslectin and P-selectln on the luminal surface of tha cutaneous 
postc;if>l1lary venules, a process called "tethering/* Onto tethered, the T calls roll on the endothelial surface in tha direction Of the 
blood flow but much more slowly. Thia exposes much of the surface of the T calla to the surface of the endothelium, where cha- 
mokinas that have been produced on the ebluminal aide of the vessel by resident skin cells and transported to the luminal surface 
of the endothelial cellB can be displayed. Tha binding of chemokineB to specific receptors on T cells results in a moderation i of the 
structure of the a^fl. irttegrln (lymphocyte-functlon-associated Bntigen 1 [LFA-iU and the aJS, Integrln (very late antigen 4 [VLA-4]| 
so that th B y can bind to ICAM-1 and VCAWM, respectively- Not only Is the integrin binding of sufficiently high affinity to arrast the 
CLA-poaitive T cells, but it also favors the flattening of the lymphocytes in preparation for their extravasation through the endothe- 
lial layer. Once extravaaated on the ebluminal aide ol the vessel, tha T cells are no longer subjected to shear forces from blood flow, 
and they can respond to chemoUctic gradients emanating from the site of Injury or infection. If these T cella encounter antigen in 
tissue they will become activated. The subsequent releeae of T*cell cytokines will modify and expand the inflammatory infiltrate. 
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Figure 3. Shared Pathways In Primary Cytokine (lntarleukin-1 and Tumor Necrosis factor ft) and T<A I -like -Receptor Sig- 
naling. 

Activation through TolMIke receptors, the intarleukirM receptor, and the tumor nBcrosis factor (TNF) receptor all culmi- 
i-wte in NF-kB sens transcription and the production of inflammatory mediators. Toll-like re cap tor a bind microbial prod- 
ucts end initiate aignaling by recruiting. MyD39, an adapter protein also used by The type I interteukin-l receptor after 
ligand binding. This leads to the recruitment of intBriGukin-1-n3Ceptor-eeeociat»d kinases (IRAK) 1 end 2, aJao known as 
innate immune kinases. TNF-receptor-associated factor $ (TRAF-fi) is recruited to this complex, which then activates 
NF-*B-lnduclng kinase (NIK). NIK is similarly activated by TNF-receptor- associated factor 2 (TRAM), which is recruited 
10 the signaling complex of the TNF receptor and its adapter proteins TNF-receptor-aBBociated death domem (TRADD) 
and receptor-interacting protein (RIP) after ligand binding to th« receptor. NIK phoaphory lata* the IKK complex, which in 
lum phosphorylate* the cytoplaBmic complex of IkB and NF*«B, This leads to the degradation of IkB in the cellular pro- 
leosome end allows frae NF-*B to migrate into the nucleus. NF-*B-mediatBd gene transcription induces the expression 
t> i E-selectin, intercellular adhesion molecule 1, end vascular Bdheaion molecule 1 in cu ten bo Lie endothelial cells. It also 
induces primary cytokine production end chamokine production in kerstinocytaa, fi bra blasts, and Other resident skin 
cells. Collectively, these signals recruit CLA-poaitive T cells (es well as other leukocytes) from sWn. 
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not by itself require antigen recognition by T cells. 
For T cells to perform effector functions in skin, how- 
ever, They must recognize antigen through their anti- 
gen receptors. They men become activated, producing 
effector molecules, including type 1 or type 2 T-cell 
cytokines. Therefore, only CLA-positive T cells that 
actually encounter the antigen for which their anti- 
gen receptor is specific will be activated during a giv- 
en cpi.sode of cutaneous inflammation. The cutane- 
ous nucroenvironment favors antigen presentation; 
antigen-presenting cells are abundant in skin, and 
blood dendritic cells and monocytes can also be re- 
cruited from blood in response to cutaneous inflam- 
mation, 23 resulting in an expanded pool of these cells. 
It is tl ie activation of T cells by antigen, and the sub- 
sequent release of type 1 and type 2 T-cell cytokines 
and other efFector molecules, that result in clinically 
apparent, T-cell -mediated skin disease. Type 1 T-cell 
cytokines induce resident skin cells to produce che- 
mokines that recruit monocytes and additional type 
1 T cells. Type 2 T-ccll cytokines induce a different 
set of chemokincs that favor the recruitment of eo- 
sinophils and type 2 T cells. 

Although it facilitates the process dramatically, in- 
flammation may not be an absolurc requirement for 
the cxiravasation of CLA-positive X cells inro the skin. 
Because cutaneous postcapillary venules express low 
levels of E-sclcctin and intercellular adhesion mole- 
cule 1 constirutivcly, activated CLA-positive circulat- 
ing T cells may not require chemokines to extravasatc 
in tht: absence of cutaneous inflammation. Alterna- 
tively, if low levels of chemokines arc constitutively 
cxprevted on postcapillary venular endothelium in 
uninilamed sJdn, lv even resting CLA-positive T cells 
may undergo the process of tethering, activation, and 
adhesion required for extravasation into normal skin. 
This may represent an additional component of im- 
mune surveillance mediated by CLA-positive mem- 
ory T cells. 

Wh at is the fate of the large numbers of CLA-pos- 
itive T cells that successfully extravasatc but do not 
encounter the antigen for which their antigen recep- 
tor is specific during a given episode of inflamma- 
tion? These cells do not become activated through 
their antigen receptors, and they appear to leave the 
skin through afferent lymphatics, traveling to a lymph 
node ;\nd then through efferent lymphatics back to 
the blood. They then rejoin the circulating popula- 
tion of CLA-positive T cells (Fig. 1) and continue to 
mediate cutaneous immune surveillance, 

T-CELL -MEDIATED SKIN DISEASES 
Psoriasis 

Psoriasis afFects more than 2 percent of the world's 
peopk. It is characterized by scaly, red cutaneous 
plaques that contain inflammatory infiltrates and epi- 
dermal hypcrprolireration (Fig. 4). The serendipitous 
observation that treatment with cyclosporine dramat- 



ically improved psoriasis 29 provided the first strong 
evidence that the disorder had an immune cause, an 
idea that had previously been suggested by its asso- 
ciation with certain HLA class I haplotypcs. 30 The 
role of T cells in this disorder has been demonstrat- 
ed by the remission of severe psoriasis after treatment 
with a drug consisting of diphtheria toxin and the 
receptor-binding domain of interlcukin-2 (DAB^- 
interleukin-2), which creates a toxin specific for ac- 
tivated T cells. 31 Cutaneous T cells in psoriatic lesions 
express CLA, whereas those found in the joints of 
patients with psoriatic arthritis do not express CLA. 3i 
Although CD4+ T cells may help initiate the skin 
lesions, CD8+ T cells that produce type 1 cytokines 
(interferon -y) are responsible for the persistence ot 
the lesions.^** The role of CD8-r T cells explains 
the paradox that psoriasis can worsen dramatically 
even as CD4+ T-ccll counts fall in patients with hu- 
man immunodeficiency virus iniection. 36 There is in- 
creasing support for the idea that psoriasis is an au- 
toimmune disease; however, the antigen or antigens 
responsible for activating the CD8H- cells in the epi- 
dermis are not known. 

The development of new psoriatic lesions on injured 
skin, known as the Koebner phenomenon, 37 is con- 
sistent widl the immune-surveillance paradigm. Nor- 
mal human epidermis contains preformed inccrlcu- 
kin-ltt, 20 which is released from kerarinocytes after 
minor trauma. 31 CLA-positive T cells arc recruited 
from peripheral blood by interleukin-la- initiated in- 
flammation, and CLA-positive T cells whose antigen 
receptor is specific for the putative psoriatic auto- 
antigen in skin will be activated in situ. The subse- 
quent release of type 1 T-cell cyto kines results in fur- 
ther uiflamrnation, the recruitment of additional 
CLA-positive T cells, and, ultimately the development 
of psoriatic lesions in susceptible persons. The prev- 
alence of psoriasis on the elbows, knees, and other 
sites of repetitive trauma is consistent with this mod- 
el. Another potential connection with the innate im- 
mune system involves the association of acute exac- 
erbations of established psoriasis with bacterial and 
fungal infections of skin. 38 This interesting clinical 
observation may have as its basis the activation of TbU- 
likc receptors by infectious microorganisms in skin 
cells, which induces NF-kB- mediated uiflamrnation 
and the recruitment of CLA-positive T cells. 

Although activated T cells arc necessary for the 
development and persistence of lesions, psoriasis is 
difficult to explain solely on the basis of T-ccll acti- 
vation. For example, the activation of CLA-positive 
T cells that produce type 1 cytokines in the epider- 
mis is probably a common response to environmen- 
tal antigens in persons in whom psoriasis never de- 
velops. Whether this paradox can be explained by 
the existence of a unique subgroup of cytokines pro- 
duced by T cells in patients with psoriasis or wheth- 
er resident skin celLs from patients with psoriasis have 
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an aberrant response to cytokines or other effector 
molecules is not known. The clinical heterogeneity 
of psciriasis and the apparent raultigcnic pattern of 
inheritance suggest chat a combination of variables 
are involved in its development. 

Therapies for psoriasis in particular, and for T-cdl- 
mcdiated skin diseases in general, tend to have a re- 
mittent cftcct (inducing long-term remission) or a sup- 
pressive cfTcct (improving lesions but with a prompt 
recurrence when the treatment is discontinued). The 
differences in remittent and suppressive therapies for 
psoriasis arc correlated with the clinical and histo- 
logic features of the disease, such as T-cell apopto- 
sis. 39 Tor example, treatment with ultraviolet B radi- 
ation or psoralens plus ultraviolet A radiation (PUVA) 
grcady reduces the number of activated T cells in 
the epidermis and dermis of psoriatic skin by induc- 
ing T cell apoptosis, often resulting in long-standing 
remissions/ 0,41 Systemic treatments with agents such 
as mcrhotrexate and DAB^-interleukin-2 preferen- 
tially induce apoptosis of activated T cells, both in 
blood and in skin .^♦J in contrasr, treatment with top- 
ical corticosteroids or cyclosporine inhibits the pro- 
duction of cytokines by intralesional T cells. Although 
such .suppressive therapies efficiently reduce both in- 
flamrjiation and hyperproliferarion of keratinocytcs, 
they rarely reduce the number of Icsional T cells to a 
level below 50 percent of the pretrcarment levels. 44 As 
a result, psoriasis often recurs soon after the cessation 
of suppressive therapies. Both remittent and suppres- 
sive therapies have toxic effects that may limit their use. 

Allergic Contact □•rmatrti* 

Allergic contact dermatitis, also known as contact 
by per sensitivity, is a T-ccll -dependent skin disease 
with ihc kinetics of a dclaycd-typc hypersensitivity 
response 45 (Fig. 4). This disorder is even more preva- 
lent than psoriasis, and although it is rarely life-threat- 
ening, the costs to society of occupation-related al- 
lergic contact dermatitis arc high. 4rt In this disorder, 
the offending antigen is introduced cpicutaneously 
through intact skin* The sensitizing antigens are typ- 
ically unstable reactive molecules that can form com- 
plexes with host proteins. In addition, potent contact- 
sensitising antigens induce dosc-dependent cutaneous 
irritation that is independent of their antigenicity. 47 
This injury- mediated triggering of the innate immune 
system may operate through the production of cy- 
tokines by resident cells of the epidermis and dermis 
or through direct activation of the NF-kB pathway 
in thi: endothelium. 22 In both cases, endothelial ad- 
hesion molecules are expressed and inflammatory 
chemokines are produced, allowing the recruitment 
of circulating CLA-positivc T ceils. These signals also 
favor the migration of Langerhans' cells bearing con- 
tact- sensitizer- modified proteins from the epider- 
mis into draining lymph nodes for presentation to 
naive T ceils. 



Within days after the initial cutaneous contact with 
the sensitizing antigen, newly generated CLA-posi- 
rive memory T cells specific for this antigen exit the 
cutaneous lymph nodes and appear in the peripheral 
blood 48 Repetitive exposure to the sensitizing anti- 
gen is likely to increase the number of antigen-spc- 
rific CLA-positivc memory T cells circulating in the 
peripheral blood, until a level is reached that results 
in allergic contact dermatitis on subsequent expo- 
sure. These newty generated CLA-posirive T cells 
extravasate at the site of irritation from the sensitiz- 
ing antigen, recognize the antigen in situ, and become 
activated. Their cytokines (and possibly, direct cell- 
mediated injury of kerarinocytes) induce the clinical 
pattern of cutaneous inflammation that is character- 
istic of allergic contact dermatitis. Subsequent encoun- 
ters with the contact-sensitizing antigen, even months 
later, will again lead to the recruitment of CLA-pos- 
itivc T cells from peripheral blood, which now in- 
clude antigen- specific memory T cells (generated from 
previous encounters with the contact-sensitizing an- 
tigen). T-cell extravasation, followed by antigen-recep- 
tor activation and release of T-ccll cytokines, leads to 
the "recall" development of full-fledged clinical aller- 
gic contact dermatitis. If the contact-sensitizing an- 
tigen is a compound in the workplace that is impos- 
sible to avoid or that cannot be identified, the problem 
may lead to an inability to work in that environment. 

Atopic Dermatitis 

Atopic dermatitis can be viewed as an exaggerated 
cutaneous Immune response to environmental anti- 
gens. Patients with this disorder have a humoral re- 
sponse characterized by IgE antibodies associated 
with T cells that produce type 2 cytokines (Fig. 4). 4 *' 50 
The antigens that induce such responses arc termed 
allergens, and the allergens frequently responsible 
for atopic dermatitis are derived from the house-dust 
mite Dermatopkftgoidtt ptertmysiinur. Atopic derma- 
titis can be associated with asthma and allergic rhi- 
nitis, and there is a strong though incompletely de- 
fined genetic component of this disease. 

Many lines of evidence suggest that naive, allergen- 
specific T cells in patients with atopic dermatitis are 
preferentially induced to develop into CLA-positivc 
T cells that produce type 2 cytokines and migrate to 
the skin after encountering antigens in skm -draining 
lymph nodes, CLA-positive CD4+ memory T cells 
specific for such allergens are found in blood from 
patients with atopic dermatitis but not in blood 
from normal subjects.** Type 2 T-cell cytokines pro- 
mote the growth and activation of eosinophils (in- 
terlcukin-5), a switch in the antibody isotope from 
IgM to IgE (interleukin-4 and interleukin-13), and 
a reduction in cell -mediated immunity (interleukin- 
10). a0 » 49 Patients with atopic dermatitis have dimin- 
ished resistance to cutaneous infections because of 
this relative cellular immunodeficiency. For example, 



Volume 341 Number 24 ■ 1823 

Downloaded from www.nejm,org el SCHERING PLOUGH *$CH INST on July 1 1 , 2003. 
Copyright (c) 1888 Mae&aeMjfiarts Medical Society- All rights reserved. 



Received from < 650496 1200 > at 8111103 5:41:37 PM [Eastern Daylight Time] 



08/11/2003 14:59 FAX 650 496 1200 



ONAX MAIN FAX 



@i036/050 



The New England Journal of Medicine 





Figure 4. Clinical and Histologic Features of Inflammatory Skin Diseases. 

PaoriamG is characterized clinically by scaly erythemetoua piques (Panel Al and histologically by epidermal hyp B rp4a*la^lowtiofi 
of dennal papillae, subcorneal neutrophilic pustules, and b dermal end epidermal infiltrate of T cells and monocytes (Pane* B; he- 
matOKylin and eoain, xB2). The disorder is modi ate d largely by ClA-poaitive, CD8+ T cells with type 1 cytokines tinterferan-y, in- 
terleukin-2, and rymphotoxin); theae cells may be activated by an sutoentlgan In skin, PaDriaaia is a chronic, persistent, often lifaloft© 
disease, 

ADergir, contact dermatitis is charBctarizad clinically by intense pruritus, erythema, and vaaiculation (Panel Q and histologically by 
spongiosis (Intraepidermal edema) and a mononuclear infiltrate (Panel D; hematoxylin and eosln, Xfl7>. It is mediated by CLA-pos- 
Itlve, CD8+ effector T cells that recognize contact-sensitizing antigens (amall reactive molecules that Bntsr through the epidermis). 
The 'activated T cells have a variable cytokine profile (s.g„ both type 1 end type 2 cytokines). 

Atopic dermetitia is chart eterlzed by intense pruritus and erythema and, in its chronic form, by scaling and llehenificetion (thick- 
ening nf the epidermis) (Panel E)- The characteristic histologic finding is a mononuclear dermal infiltrate In association with epi- 
dermal hyperplasia (Panel F; hematoxylin and eoein, x95). Atopic dermatitis ia initiated by CLA-poaltlve, CD4+ T cells wrth type 2 
cytokines (interleukin-4, 5, 10, and T cella that produce type 1 cytokines may be Involved in persistent lesions. Environmental 
allergens, such as proteins from the ho use -dust mite, DermatophBgoides phtrenyas/nua, trigger the disorder. 
Cutaneous T-cell lymphoma is usually manifested clinically AS erythematous patches and plaquee with minimal scale (mycosis fun- 
goides) (Panel G>, though there may be other clinical manifestations (e.g., erythroderma). The transformed T cs»a are found 
throughout the dermis end in the epidermis (Panel H; hematoxylin end eosln, *79l, where they may accumulate with Ungarhans' 
cells (Kautrier^ microabscesses). Many reactive (norttronsformed) CLA-positive T ceils are also present in leaions. Mycosis fun- 
gotde* is a tumor of CLA-posrdve, COM- T celle. 

Cutanttous o/aft-veraue-hoat disease Is a complication of allogeneic bone marrow transplantation . The acute form of the disease Is 
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charatt«rtetd by a maculopepular exanthem (Panel I), whereas the chronic form may be characterized by marked dermal sclerosis 
{not shown). Dermal lymphocytic infiltration is associated with characteristic cytopathic changes in fcarailnocytes (Panel J; hema- 
toxylin and eoain, X63). CLA-posi live T cells producing type 1 cytokines (in acute disease) or type 2 cytokines (in chronic disease) 
are present In lesions- The disease Is caused by the recognition of antigens on hose tissue by T cells transferred with the allograft. 
The photograph in Panel A was provided by Dr. Sellm Aractingi- the photograph in Panel C by Dr. Stephen Grabba, and the photo- 
micrograph in Panel H by Dr. Isabel le Moulonguet 
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reactivation of herpes simplex virus infection in such 
patiencs can lead to generalized cutaneous disease, 
requiring systemic antiviral therapy. 

A variety of factors may stimulate the inflamma- 
tion that recruits the T cells that initiate and perpet- 
uate atopic dermatitis Z* 9 - 31 Proteases secreted by mites 
may c.uwe epidermal injury, leading to the produc- 
tion of primary cytokines and NF-*B-induced in- 
flammation, and the binding of IgE on mast cells to 
allergens induces inflammation through the dc gran- 
ulation of the mast cells. Additional triggers may be 
bacterial activation of Toll-like receptors by cutane- 
ous bacteria and the release of stored incerleukin-la 
from skin in response to rhc trauma induced by 
scratctiing or rubbing severely pruritic skin. 

Cutaneous Graft-vcrsus-flo&t D 

Cutaneous graft-versus-host disease is a common 
and debilitating complication of allogeneic bone mar- 
row transplantation, This disease is mediated by T cells 
transferred with the bone marrow allograft (Fig. 4)." 
The two organs most often affected by graft-versus- 
host disease — the skin and gastrointestinal tract — 
are associated with different subgroups of memory 
T celhs that home to these locations. T cells in lesions 
of cutaneous graft-versus-host disease arc positive 
for CI A, whereas those in the inflamed gastrointes- 
tinal tract arc negative for CLA but arc positive for 
a4f$7 integrin. 2 A hypothesis currently being tested 
is thai* the memory T cells that mediate cutaneous 
graft-versus-host disease have previously been exposed 
to ant i gen in lymph nodes that drain the skin, where- 
as tht: memory T cells that mediate gastrointestinal 
graft-versus-host disease have been exposed to anti- 
gens in mesenteric lymph nodes. 

Cutaneous T-Cell Lymphoma 

Cutaneous T-cell lymphoma, the most common 
form of T-cell lymphoma in adults, encompasses sev- 
eral discrete diseases that can have markedly differ- 
ent clinical courses. 53 * 55 The most common variant is 
mycosis fungoides, which is classified as a low-grade 
T-ccU lymphoma « Mycosis fungoides is initially man- 
ifested as an inflammatory skin disease (Fig. 4), and 
in early lesions transformed T cells exit the vessels 
and enter inflamed skin through the CLA-mcdiated 
pathway (Fig. 2). Mycosis fungoides is considered to 
be a lymphoma involving CLA-positivc, CD4+ mem- 
ory T cells that home to skin. 

Therapy for mycosis fungoides depends to a large 
extent on the site at which the malignant T cells are 
most abundant- In patients with disease limited to 
the skin, skin -directed therapies such as the admin- 
istration of psoralens plus ultraviolet A radiation, 
total- *kin electron-beam therapy, topical aaniinistra- 
tion of nitrogen mustard, and ultraviolet B radia- 
tion often induce long-lasting remissions." The ap- 
parent paradox of a systemic lymphoma (e.g., blood 



involvement in an early stage of the disease, as de- 
termined by molecular analysis 5 *) that can be put 
into durable remission by therapies that do not ex- 
tend beyond the skin probably reflects the stringent 
homing patterns of these cells. If most continuously 
recirculating mycosis fungoides cells reside in skin, 
with very few such cells in blood or lymph nodes, 
then repeated courses of skin-dircctcd therapy for a 
period of weeks to months may eliminate the vast 
majority of the cells. This principle reflects the effica- 
cy of skin-directed therapy in immunologically medi- 
ated, nonmalignant skin disease. In advanced stages of 
mycosis fungoides, the T cells have lost their strict de- 
pendence on skin, and systemic therapy is required. 55 
Systemic therapy, which includes interferon alfa, reti- 
noids, DAB 3B9 -interieukin-2 s and photophcrcsis, is of- 
ten used in conjunction with skin -directed therapy. 
Combination chemotherapy may be palliative, but 
curative regimens tor advanced disease have not yet 
been developed. 

CONCLUSIONS 

The ability to respond rapidly to a pathogen after 
the first encounter with it is the hallmark of acquired 
immunity and immunologic memory. The rapid, site- 
specific accumulation of CLA-positive T cells after 
cutaneous injury meets this criterion. CLA-positive 
T cells cxtravasare in response to inflammatory sig- 
nals from skin; thus, the immune system regards in- 
sults to the skin as potential infectious challenges 
until proved otherwise. T-cell- mediated skin diseases 
such as the ones we have discussed represent a sub- 
version of this highly adaptive process. Although each 
of these disorders can be viewed as an example of 
inappropriate cutaneous immune surveillance, their 
clinical manifestations and courses are determined by 
several factors; the functional phenotypc and cyto- 
kine profile of the antigen-specific T cell, the type of 
antigen (e.g., pathogen, autoantigen, or contact-sen- 
sitizing antigen), and the genetic background of the 
person. This last variable, which is the most complex 
and the least well defined, is the focus of much of 
the current research on T-cell -mediated inflamma- 
tory skin diseases. 

An increased understanding of the mechanisms of 
cutaneous immune surveillance will almost certainly 
provide important insights into diseases at other ep- 
ithelial interfaces with the environment, in view of 
the feet that microvascular beds arc morphologically 
and functionally different in different parts of the 
body. This is particularly true of the high endothelial 
venules in lymphoid tissue, 57 which favor the homing 
of naive lymphocytes 9 ; cutaneous microvascular en- 
dothelial cells with prolonged expression of E-sdec- 
tin 17 ; and endothelial cells of the lamina propria in 
the gastrointestinal tract, which express an adhesion 
molecule that favors the homing of a407-positive 
memory T cells. 5 ** 59 Preferential expression of diffcr- 



1826 - December 9, 1999 

Downloaded from www.nejm.0n3 el SCHERING PLOUGH RSCH INST on July 1 1 , ZD03. 
Copyright (c) 1999 Massachusetts Medical Society. All rights reserved. 



Received from < 650496 1200 > at 8/1 1103 5:41:37 PM [Eastern Daylight Time] 



08/11/2003 15:01 FAX 



850 498 1200 



DNAX MAIN FAX 



©039/050 



MECHANISMS OF DISEASE 



cm chtwokines in these tissues may provide for fur- 
ther specificity of T-ccli homing. 19 

Wh.it we now know about the movement and func- 
tion of naive and memory T cells suggests that from 
the perspective of the host defense against environ- 
mental challenges, regional immune responses have 
a central role in the body's response to infectious 
challenge — the raison d'etre of the immune sys- 
tem. Therapies directed at the movement patterns of 
T lymphocytes — either positively or negatively — 
are likely to be important elements in the future 
treatment of inflammatory skin diseases. 

Supporrccl by grant* Tram the National Institute* "f Hcalrh (AI25082, 
AI4170V. AK40214, AR426S9, and CA39542). Dr. Rubor is rhc rropieru 
of* feltuwship from ihe Dermatology FonruUrion. 

We arc indebted to D< fiwtf N^hUm and Dr. Hurley Hayncsfor 
their critical comments and to Dr. Phillip AfcJCw far prwidity pko* 
tomkr^tjmpftf. 
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Abstract Topical vitamin D 3 has relatively recently 
been introduced for the treatment of psoriasis. Syn- 
thetic vitamin D 3 analogues with a high potential for 
inducing differentiation of cells, but with a low hyper- 
calccmlc effect have recently been developed. One 
such synthetic analogue of 1,25-dihydroxyvitamin D 3 
(calcitriol), 22-«xacalcltriol (OCT), is a novel agent for 
the topical treatment of psoriasis. The activity of OCT 
in vitro wiis investigated and compared with that of a 
series of vitamin D 3 analogues as to their ability to in- 
hibit murine T lymphocyte proliferation stimulated by 
con-A, to suppress and IL-8 production by kera- 
tinocytes stimulated with IL-la and TNFa, and to in- 
hibit AP-1- and NFKB-dependent reporter gene ex- 
pression. OCT inhibited the proliferation of lympho- 
cytes and suppressed IL-8 and IL-6 production by 
keratinocytes to the same extent as the other vitamin 
D 3 analogues. It also inhibited AP-1- and NFtcB-con- 
trolled lueif erase activity to the same extent as the 
other vitamin analogues, which demonstrates its 
mechanism of action in the suppression of inflamma- 
tory processes. 

Key words Vitamin D 3 ■ OCT • Cytokines • Nuclear 
factors 
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Introduction 

Psoriasis is characterized by hyperprolifetation and in- 
complete terminal differentiation of the epidermis, vascu- 
lar changes involving elongation and dilatation of capil- 
laries in the papillary dermis, and migration of activated 
neutrophils and T lymphocytes into the dermis and the 
epidermis [8]. The pathogenesis of psoriasis is not fully 
understood, but many abnormalities in psoriasis are well 
documented including abnormal infiltrating lymphocytes, 
neutrophils, circulating leukocytes and cytokines, and epi- 
dermal keratinocytes [10, 17, 30]. Psoriatic keratinocytes 
produce a much higher amount of TGFcc, IL-6, and IL-8 
than normal keratinocytes, and these cytokines are sus- 
pected to be the cause of hyperproliferation and neu- 
trophil infiltration of the psoriatic epidermis [10, 17], 

No curative agent is yet known for psoriasis. Topically 
applied steroids, and systemically administered cyclo- 
sporin, retinoids, and methotrexate are the major thera- 
peutic modalities, but have only a temporary effect. The 
biologically active metabolite of vitamin D, the secos- 
teroid hormone 1 a,25-dihydroxyvitarnin D 3 (la,25(OH)- 
2D 3 , calcitriol), exerts profound effects on cellular differ- 
entiation and proliferation and immunomodulation, and is 
one of the effective agents for creating psoriasis [12]. The 
effect of topical vitamin D 3 appears slowly but its side ef- 
fects are much more favorable than those of topical 
steroids. 

Vitamin D 3 is produced from 7-dehydrocholesterol in 
the skin by the action of sunlight, and is transported via 
the blood to the liver where it is converted into 25(OH)D 3 . 
A subsequent reaction produces the active metabolite of 
vitamin D 3 , Ia ( 25(OH)2D 3 (calcitriol), in the kidneys [9]. 
Receptors for calcitriol have been found in epidermal ke- 
ratinocytes, dermal fibroblasts, endothelial cells, and acti- 
vated T lymphocytes [7]. 

In cultured human keratinocytes, calcitriol inhibits cell 
proliferation and induces terminal differentiation [26], 
and thus brings hyperproliferative and activated keratino- 
cytes to a stable state, which could result in clinical im- 
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Fig. 1 Molecular structure of OCT and calcitriol 

provement in psoriasis. Calcitriol also inhibits immuno- 
logical responses by attenuating signal transduction cas- 
cades elicited by cytokines and growth factors. As gluco- 
corticoids and vitamin A, vitamin D 3 metabolites also act 
to suppress the expression of activated IL-2 expression 
and GM-CSF at the level of transcription [32]. Vitamin D 3 
is also known to induce U>10 receptor expression [17], 
which may also help in the resolution of psoriasis. Topical 
treatment of psoriasis with calcitriol has produced suc- 
cessful results [12]. The clinical use of calcitriol, how- 
ever, is limited because of its potent effect on systemic 
calcium metabolism. Hypercalcemia can be induced by 
oral doses of calcitriol higher than a few micrograms 
daily, and rransepiderrna] absorption occurs with topical 
application. There have, therefore, been attempts to syn- 
thesize new vitamin Dj analogues with a lower risk of in- 
ducing the classic side effects associated with vitamin Dj, 
i.e. hypercfilciuria and hypercalcemia [9]. 

Vitamin D 3 analogues with selective activity which re- 
tain cell-differentiating activity but have very little hyper- 
calcemic activity have recently been developed. One such 
analogue is 22-oxacalcitriol (OCT) in which the carbon 
atom at position 22 of calcitriol is replaced by oxygen 
(Fig. 1). OCT has strong differentiation-inducing activity, 
but low bone-resolving activity [1], This separation of ac- 
tivities is probably a result of differences in their physio- 
chemical properties, i.e. (1) the length of the side-chain 
(between ( '20 and CIS) of OCT (4.96A) is shorter than 
that of calcitriol (5.1 5 A), (2) the rotation of the side-chain 
of OCT is more strictly limited than that of calcitriol ow- 
ing to the presence of the oxygen atom at position 22 in 
OCT, and (3) OCT is more polar than calcitriol [1 ]. Okano 
et al. [21] have reported that OCT has a very low affinity 
for serum vitamin D-binding protein (DBP). Furthermore, 
as predicted by its low affinity for DBP, OCT is rapidly 
cleared in vivo and more accessible to target cells in cul- 
ture [6], which is thought to be the reason for the separa- 
tion of its potential for. differentiation and its hypercal- 
cemic effect. 

This new synthetic vitamin Dj analogue has been in- 
vestigated in a clinical study in which, when given once 
daily at a i oncentration of 25 Jig/g, it produced more fa- 
vorable results than calcipotriol at 50 jig/g, one of the 
newly synthesized vitamin D 3 analogues which is already 
in clinical use (Barker et al., submitted for publication). 

We present here the results of a study of the modula- 
tory effects of several vitamin D 3 analogues, including 
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OCT, on the immunological aspects of psoriasis such as 
cytokine production by keratinocytes and lymphocyte 
proliferation. IL-ta, TGFa, and TNFot are the major fac- 
tors capable of inducing IL-6 and IL-8 production by ke- 
ratinocytes [19]. Using these cytokines as stimulators of 
keratinocytes, we tested the inhibitory effect of OCT on 
the production of TL-6 and IL-8. Furthermore, in order to 
investigate the mechanism of action of OCT and other vi- 
tamin D3 analogues, we studied their inhibitory effect on 
the transcriptional activities of AP-1 and NFkB- This 
study is the first systematic examination of the in vitro ef- 
fects of these vitamin D 3 analogues. 



Materials and methods 

Lymphocyte preparation and [ s H]thyrnidine incorporation 

C3H/HeN Crj mice (15 weeks old, male) were purchased from 
Japan Charles River (Yokohama, Japan) and the spleens were used 
for lymphocyte preparation following the Principles of Laboratory 
Animal Care (NTH publication no. 85-23). 

Lymphocytes were obtained from mice spleens by density gra- 
dient centrifugation with lyntphocyte-M, seeded in 96- well plates 
at 5 x 10 5 eeUVwell with 4 ug/ml of succinylared concanavalin A 
(con-A) in RPMI-1640 containing 5% fetal calf serum (FCS) for 
5 days together with the vitamin Dj analogues added to the me- 
dium at 10~ ,z to 10~* M. After 2 days of culture, the medium was 
changed and 3 days later, cells were pulsed with 1 u.Ci/ml 
[^Jthymidine. After a further 4-h incubation the incorporation of 
TdR into the cells was measured with b-plate. 



Cell culture 

Keraiinocytcs were expanded from normal human skin biopsy 
specimens in the presence of X-ray-irradiated 3T3 cells, according 
to the method of Green [25). Fibroblasts were removed by incu- 
bating them with 0 05% EDTA before trypsinization. The next 
passage of cells consisting only of keratinocytes were plated into 
96-well plates coated with type IV collagen for the IL-6 experi- 
ment- Tn other cases, keratmocytes were passaged and grown m ke- 
ratinocyte serum-free medium, and were plated into 24- we 11 plates. 
When cells had proliferated to confluence, IL-lcc was added to a 
final concentration of 50 U/ml to the medium. At the same time, 
the vitamin D 3 analogues OCT, TV-02 (tacalcitol), MC-903 (cal- 
cipotriol) and calcitriol were added at concentrations in the range 
KH 1 to 10-* M with EtOH at a final concentration of 0.1%. After 
the times indicated below, the supematants were collected and the 
concentrations of IL-6 and IL-8 measured. 



Measurement of IL-6 and IL-8 

For measurement of cytokines, the supematants from keratino- 
cytes were collected after 3,6, 12, 24, and 4& h incubation with or 
without IL-loc TNFa or TGFa with the wide range of vitamin D 3 
analogues indicated above. The concentrations of IL-6 and IL-8 
were determined using an n>6 ELISA kit and an IL-8 ELIS A kit 
The optical density was measured using a microplste reader (Bio- 
rad, Richmond, Calif )* 



Construction of reporter genes 

and vitamin D receptor expression vector 

Two kinds of reporter genes were constructed using luciferase 
which binds to the DL-2 promoter (-72 to +42) via the TATA box. 
One had five repeats of the AP-1 -binding sequence 'ATGAGT- 
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CAG' derived from the promoter of the collagen**© gene (AP-1- 
Lue). The oilier had four repeats of the NFicB-binding sequence 
'CAGAQGGGACTTTTCCGAGA' derived from the promoter of 
the immunoglobulin light K gene (NFxfl-Luc). For vitamin D re- 
ceptor (VDR) expression, rat VDR cDNA was inserted into the 
pSG5 expression vector (Stratagene, Heidelberg, Germany). 



Transfection und luciferase assay 

The VDR expression vector (l ug) and one of the reporter genes 
(1 lig) were aotransfected into Jurkat (S3C4) cells (3-5 x 1(F) us- 
ing lipofectamme on day 1. On the rollowing day (day 2), the 
treated cells were plated onto 96-wcll black plates for lumines- 
cence measurement at a density of 2 x 105 cells/well. The desired 
concentrations of vitamin D 3 analogues (1 0"M 0 rM M) were added 
to each well, followed by stimulants for AP-l and NFkB, which 
consisted of 1 0 ng/fal PMA and 1 ng/ml ionomycin. After 8 to 12 h 
incubation in an incubator with an atmosphere enriched in COj, 
the supcrnatants were removed and the cells were lysed with a ly- 
sis buffer at 20 ul/well (Promega, Madison, Wis.)- 

Luciferasc assay reagent (Promega) was added to the lysatc at 
100 ul/well and the luciferasc activities were measured using a lu- 
minometerfor 5 s/wcll. 

Statistical analysis 

Data are cxp rcsscd as rneans^standard deviations. For each param- 
eter, mean \alucs were compared between the groups using Stu- 
dent's /-test or Dunnett's multiple comparison test as indicated in 
the results, mid dose-dependency was analyzed with Jonckeerc's 
test, /'-values of 0.05 or less were considered significant. 

The three vitamin Dj analogues. OCT, TV-02, and MC-903 
were prepared according to previously reported methods [16, IS, 
20, 28J. Calcitriol was purchased from the Duphar Company (CP 
Weesp, The Netherlands). Succinylated eon-A was purchased from 
Vector Laboratories (Burlingamc, Calif). Lymphocyte-M was 
purchased fiom Ccdarlane (Montreal, Canada). RPMM640 me- 
dium was purchased form GIB CO (Grand Island, N.Y.)- FCS was 
purchased from HyClone (Logan, Utah). pHnhymidinc was pur- 
chased from Amersham (Buckinghamshire, UK). Type IV colla- 
gen was purchased from Nitta Gelatin {Tokyo, Japan). DMEM(H) 
(Dulbeoco's modified Eagle's medium containing high glucose) 
was purchased from GIBCO. Keratinocyte scrum-free medium 
was purchased from Krabou (Osaka, Japan). Human recombinant 
IL-lot (10,0U0 U/ml) was purchased from Boehringer Mannheim 
(Mannheim, Germany), and TNFcc from R&D Systems (Min-. 
neapolis, Mirm.). The IL-6 ELISA lot was purchased from Amer- 
sham. and the IL-8-ELISA kit from R&D Systems. Lipofectamine 
was obtained from GIBCO. PMA and ionomycin were purchased 
from Sigma (St. Louis, Mo.). 



Results 

Inhibition 

of con-A-induced mouse lymphocyte proliferation 

We investigated first the antiproliferative activity of a se- 
ries of vitamin D$ analogues against con-A-stimulated 
mouse lymphocytes to assess the imraunoregulatory ef- 
fect of vitamin D 3 . The results are shown in Fig. 2. 

The viiamin D 3 analogues inhibited con-A-induced 
proliferation of mouse lymphocytes in a dose-dependent 
manner, and the antiproliferative effect of OCT was simi- 
lar to that of the other vitamin D 3 analogues TV-02, MC- 
903 and c:ilcitriol (P = 0.2267). OCT and the other ana- 
logues at doses of 10~* M and 10" 7 M inhibited the con-A- 




cofKantratton of vttarntn D BfulDvwa (M) 

Fig,. 2 Proliferation of mouse lymphocytes, induced by con- 
canavaHn A, is inhibited by vitamin D analogues. Lymphocytes 
were stimulated with 4 mg/ml of succinylated concanavalin A, and 
vitamin Dj analogues were added at 10~ 12 to 10~* A/ to the medium. 
pHTihymidinc incorporation was measured after 3 days of cul- 
ture. The results arc expressed as the means ± SD (n * 6). OCT, 
TV-02, MC-903 and 1cu25(OH)2Dj inhibited lymphocyte prolifer- 
ation in a dose-dependent manner (P < 0.0001, Jonckccrc's test). 
#/> < o.05, **P < 0-01,*** J* < 0.001, vs each control, Dunnctt's 
multiple comparison test 



induced proliferation of lymphocytes to almost half that 
of cells without vitamin D 3 - These data were analyzed us- 
ing Dunnet's multiple comparison test, which showed sig- 
nificant inhibition at concentrations of 10 - ' 2 to 1(H M of 
OCT, TV-02, MC-903 and calcitriol {P < 0.001, except 
P < 0.01 for 10-10 M OCT, 1(H 2 and 1Q-" M TV-02 and 
P < 0.05 for .10- 10 M calcitriol). 

Inhibition of IL-6 and TL-8 production 
by human keratinocytes 

In oTder to define the effect of vitamin D 3 analogues on 
the inhibition of IL-8 production by keratinocytes, super- 
natants from keratinocytes treated with TNFcx, TGFcx, and 
IL-lOc with or without OCT, MC-903 and calcitriol were 
harvested after 24 h of incubation, which produced the 
maximal inhibition of IL-8 by keratinocytes incubated 
with OCT, MC-903 or calcitriol (data not shown). 

Figure 3 shows that the vitamin E>3 analogues sup- 
pressed IL-8 production by keratinocytes stimulated with 
TCP cc, TNFcc and IL-la almost to the same extent. 

We investigated whether vitamin D> analogues sup- 
pressed IL-6 production by IL- la-stimulated keratino- 
cytes using a wide range of vitamin Dj concentrations 
from 10" |J M to 10" 6 Af. Vitamin D 3 inhibited IL-6 pro- 
duction in a dose-dependent manner with the strongest in- 
hibition at a concentration of 1(H M, We also compared 
the dose-dependent curves of each analogue. OCT, TV- 
02, MC-903 and calcitriol similarly inhibited IL-6 pro- 
duction by human keratinocytes induced by IL-la, as 
shown in Fig, 4. Analysis by Dunnet's multiple compari- 
son test showed the inhibition of IL-6 production by OCT, 
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fig, 3 Vitamin D 3 analogues 
suppress TGl'o>, TNFo- and 
IL-la-mduccd IL-8 production 
by keratinocvtcfi. Keratinocytes 
were incubaiiid with TGFot (10 
ng/ml), TNFa (10 ng/ml), or 
IL-la (5 ng/uil), together with 
or without icr* M of OCT, 
MC-903, 10,25(0^03, or 
TV-02, The IL-8 concentration 
of the aupemutant was deter- 
mined by EL ISA. The figure 
shows the inhibition rates,, 
which arc the ratios Of die con- 
centration in the supernatant 
with vitamin D 3 analogue to 
that without vitamin D 3 ana- 
logue. These vitamin Dj ana- 
logues signilicantly inhibited 
TNFa-, TGI <*- and IL-lo> , 
stimulated H -3 production by 
kerarinocytcs (n = 6-8, ** P < 
0.0 1 < 0.001, compared 
to the control without vitamin 
D analogue, Student's t-test) 



IL-8 production 
I0D * 



30 




MC 



Fig. 4 Vitamin Da analogues 
inhibit production of IL-6 by 
keratinocytes in a dofife-depen* 
dent manner Keratinocytes 
were incubated with IL-la 
(5 ng/ml), toother with a 
range of concentration!; of 
lo^OHy^ OCT, TV-02, 
and MC-903. The supernatant 
from each well was collected 
after 24 h,anJ the concentra- 
tion of IL-6 was determined by 
ELISA. IL-la caused a signifi- 
cant increase- in IL-6 produc- 
tion by kcrfflinocytes (P < 
0,0001, Student's t-test). OCT, 
TV-02, MC-903 and 1 0,25- 
(OH^t^y inhibited 1L- la-stim- 
ulated IL-6 production by kera- 
tinocytes in * dose-dependent 
manner (P < 0.0001, Jonck- 
ecre'stest). O.Ol, 
* m *P< 0,0001, vs control 
(IL-lct(+)), Dunnctt'a multiple 
comparison rest; n = 6 
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TV-02 and MC-903 to be significant at every concentra- 
tion tested (P < 0.001). Calcitriol significantly inhibited 
IL-6 production at a concentration of 10" 10 M (P < 0.01) 
and at concentrations in the range lO^-lO" 6 M(P< 0.001), 
but not at a concentration of 1 CH l M, 

We also tested the inhibitory effects of some vitamin 
D 3 analogues on TNFa-stimulated keratinocytes. Figure 5 
shows that calcitriol and OCT suppressed TNFa-stimu- 
lated IL-6 production by keratinocytes to a similar extent 
in a dose-dependent manner. 

These results suggest that vitamin Dj works in psori- 
atic lesion* partly through suppressing IL-6 and IL-8 pro- 



duction by keratinocytes, and that the vitamin D 3 ana- 
logues tested were almost equally efficient in the suppres- 
sion of IL-6 and IL-8 production. 



Inhibition of AP-1- and NFicB-dependent transcription 

IL-la, TNFa and TGFa induce IL-6 and IL-8 partly 
through the nuclear factor NFkB and/or AP-1 [19, 24]. 
The VDR, on binding to its ligand, binds to AP-1 with a 
cofactor and suppresses its activity [11 J. We made con- 
structs, ne of which consisted of five AP-1 sequences lo- 
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Fig. 5 Vitamin D 3 analogues 
inhibit TNF(/-stimulalcd IL-c" 
production by keratinocytcs. 
Keratinocytes were incubated 
with or without TNFct (10 ngf 
ml), and with or without vari- 
ous concentrations of 10*25- 
(OH)jDj and OCT. The super- 
natant from caeh well was col- 
lected after 7A h and the con- 
centration of IL-6 was deter- 
mined by EI ISA. The ratios of 
the concentration with vitamin 
Dj analogues to that without 
vitamin D, analogues was 
taken after normalization for 
the number of cells in each 
well (n = 2) 
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fig, 6 A, B Vitamin D 3 analogues inhibit AP-l- and NF*B-regu- 
latcd reporter gene expression in a dose-dependent manner. Either 
the AP-l or NFkB sequences, located upstream of the lucifcrasc 
gene, were Transfected with the VDR expression vector into Jurkat 
cells. The figure shows the dose-dependent inhibitory effects of vi- 
tamin D 3 anidogues on the transcriptional activities of AP-l (A) 
and NF*B (B) mduced by PMA and ionomycin. Luciferasc activ- 
ity is shown as percentage of the control- These results are repre- 
sentative of six experiments. Each experiment was performed in 
three to six cultures (• l^OH^D,, O OCT, A TV-02, □ MC-903) 



catcd in tandem upstream of the luciferase gene as a re- 
porter, and the other consisting of four NFkB sequences 
also placed in tandem upstream of the luciferase reporter 
gene. By ti-ansfecting Jurkat cells with each of these vec- 
tors together with the VDR expression vector, and treating 
them with various vitamin D 3 analogues, we found that 
vitamin D_, suppressed not only AP-l -Luc activity, but 
also NFkB-Luc activity. Vitamin D 3 suppressed AP-l-Luc 
and NFkB -Luc activities to 40-50% (Fig. 6) P which is rel- 
evant to thu effect of vitamin D 3 on the production of 1L- 
6 and IL-8 measured by ELISA, 

OCT suppressed AP-l -Luc and NFkB-Luc activity to 
th same extent as the other vitamin D3 analogues tested, 
which is also relevant to the ELISA experiment 



Discussion 

Topical vitamin D 3 application is a relatively new method 
for treating psoriasis [27]* but its mechanism of action is 
not fully understood. Our results support the idea that part 
of the mechanism of action of vitamin D 3 analogues is on 
the immunological aspect of psoriasis. 

Recent evidence indicates that vitamin D 3 metabolites 
and analogues also modulate lymphocyte growth and 
functions- Although lymphocytes require prior activation 
with antigens or mitogens before expressing VDRs [5, 
23], lymphocytes in psoriasis are already activated by var- 
ious stimuli including EL-1 a, TNFa, IFNy and 1L-2 to ex- 
press VDR [15]. Our results indicating that vitamin D 3 
analogues, including OCT, inhibit con-A-stimulated lym- 
phocyte proliferation dose-dependently couJd partly ex- 
plain the clinical effect of vitamin D 3 analogues in reduc- 
ing infiltrating cells in psoriatic plaques, and the subse- 
quent improvement in psoriatic lesions [14, 33]. 

Keratin ocytes, as well as lymphocytes, are major sour- 
ces of cytokines and growth factors in psoriasis [15, 22], 
We demonstrated that vitamin D3 not nly affected lym- 
phocyte proliferation, but also IL-8 and IL-6 production 
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by kerannocytea. We examined the effect of vitamin D 3 
analogues on the production of TL-6 and IL-8 from stimu- 
lated keratmocytes and showed that they inhibit cytokine 
production in a dose-dependent manner. Although Bikle 
et al. have reported that under serum-tree conditions OCT 
inhibits keratmocyte proliferation and promotes of differ- 
entiation less potently than caJcitriol owing to its de- 
creased cellular uptake and enhanced catabolism [6], its 
inhibitory effect on IL-6 and IL-8 production seemed to 
be similar 10 that of other analogues in our study. This in- 
hibition could be due to the inhibition of secretion from 
keratinocytcs, or the inhibition of transcription in kera- 
tinocytes. Although we cannot be sure which of these 
processes was taking place in our experiments, IL-8 pro- 
duction from keratinocytes is reported to be largely regu- 
lated at the transcriptional level [19]. 

AP-1 and NFkB are transcription factors which are 
downstream of the signal transduction cascades of the 1L- 
1 receptor, TNF receptor and other cytokine receptors [3, 
4], which arc involved in the upregulation of IL-8 and IL- 
6 [19, 24, 31]. The inhibition of cytokine production in- 
duced with IL-la and TNFa by vitamin D 3 analogues 
could be due either to inhibition of these transcription fee- 
tors, or to inhibition of promoter activity though the VDR 
response element (VDRE). 

An inhibitory effect of calcitriol on AP-1 transcrip- 
tional activity via the VDR complex has recently been 
discovered [2], Very recently, NFkB binding to its con- 
sensus sequence has been found to be suppressed by caJ- 
citriol and its receptor complex [11]. Inflammatory cyto- 
kines such as IL-6 and IL-8 are upregulated by TNFa and 
IL-la through transcription factors such as C/EBP, NFkB 
and/or AP-1 [11, 19]. VDR, upon binding to its ligand, 
has recently been reported to suppress IL-8 production by 
affecting NFkB, and not by directly binding to its consen- 
sus sequence on the TL-8 promoter [19], Our results indi- 
cate that OCT has an inhibitory effect on AP-1- and 
NFKB-conirolled transcriptional activities similar to che 
effect of other vitamin D 3 analogues. This indicates that 
vitamin D» analogues/VDR complex may make a com- 
plex with NFkB as well as AP-1. This should be further 
examined using immunoprecipitation assays, vitamin D 3 
suppressed AP-1 -Luc and NFkB-Luc activities to 40-50%, 
which is relevant to the effect of vitamin D 3 on the pro- 
duction of IL-6 and IL-8 measured by ELTSA. Although it 
may be too simplistic to apply the results in Jurkat cells to 
keratinocyies, because signal transduction cascades in dif- 
ferent cell iypes can be different, and consequently the nu- 
clear factors used can be different, we speculate that vita- 
min D 3 inhibits IL-6 and IL-8 production induced by IL- 
la and TNFa through the downregulation of AP-1 and 
NFkB. 

These inhibitory actions have profound effects on im- 
munological responses, because numerous tmmunoregu- 
latory gen^s are regulated through AP-1 and NFkB nu- 
clear factors, including cytokines such as IL-I, -2, -3, -4, 
-5, -6, -8, -10 and -13 [7, 21, 30], G-CSF, GM-CSF, 
TNFa, IFNy, MCP-1 and PDOF, adhesion molecules such 
as E-seleciin, ICAM-1, VCAM-1, ELAM-1, TCR, MHC- 
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I and IL-2Roc, and enzymes such as iNOS, COX-2, c-myc, 
MMP-1 and MMP-2 [3, 4]. This leads us to speculate that 
by inhibiting AP-1- and NFKB-regulated gene expression, 
vitamin D s suppresses the expression of those gene$ hav- 
ing profound effects on immunological responses. This 
could also explain the effectiveness of vitamin D 3 ana- 
logues in controlling the clinical course of psoriasis. 

As shown above, OCT and the other vitamin D 3 ana- 
logues have common immunomodulatory functions, which 
may have therapeutic effects on psoriasis. In this study, 
OCT showed an effect almost equal to that of the other vi- 
tamin Dj analogues. Although keratinocyte differentiation 
and proliferation were not assessed in this study, we have 
compared OCT with other vitamin D 3 analogues as to its 
effect on keratinocyte differentiation measured by involu- 
crin mRNA synthesis, and proliferation, and found that 
OCT was more effective than the other analogues tested 
(Nakagawa et al., unpublished data). Considering the fact 
that OCT, in serum-containing medium, has a stronger ef- 
fect than other vitamin D 3 analogues because of its lower 
affinity to DBP and faster catabolism, OCT may work 
more effectively than other vitamin D 3 analogues in vivo. 
This further supports the results of the clinical trial, in 
which 25 mg/g OCT was more effective than 50 mg/g cal- 
cipotrioL This suggests that OCT may be useful in clini- 
cally because it has a lower hypercalcemia effect and a 
stronger antipsoriatic effect. 

This study gives the basic immunological background 
of OCT and provides a step towards understanding its ef- 
fectiveness in clinical use, and is the first systematic com- 
parison of OCT and various other vitamin D3 analogues. 
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cytes to induce their respective inflammatory functions. 
H wever, in vitro studies do not always correctly predict 
in vivo results. LTB*, known to cause neutrophil degran- 
nlation and superoxide production in vitro, induced the 
expected neutrophil accumulation when instilled into the 
hings of normal volunteers, but the anticipated increases 
in protein and markers of neutrophil activation in bron- 
choalveolar lavage fluid did not occur (109,1 10). 

Intercellular adhesion molecule- 1 (ICAM-1) is a lig- 
and for the C.Dl 1/CD18 leukocyte integrins expressed on 
the surface of neutrophils, monocytes, lymphocytes, and 
eosinophils (111,112). Cell-cell contact mediated by 
leukocyte imegrin-ICAM-1 interaction is thought to be 
important in inflammatory cell— induced target recogni- 
tion and cytotoxicity (113). Tn addition, interaction of 
inflammatory cells with adhesion molecules such as 
ICAM-1 mijjht allow retention of inflammatory cells in 
the airway by providing a foothold for their attachment. 
Cytokines such as TNF, IL-1, and 7-lFN may again play 
a prominent role in modulating an inflammatory response 
by enhancing ICAM-1 expression on epithelial cells 
(114). 

Airway epithelial cells are capable of expressing 
major histocompatibility complex (MHC) antigens 
(115-117). Expression of MHC antigens allows cells to 
interact directly with T lymphocytes and makes them 
potential targets for cytotoxic T cells and candidates for 
antigen presentation to helper T cells. The expression of 
MHC class 31 antigens (also known as human lympho- 
cyte antigens [HLA]-DR, -DQ, -DP) is relatively low in 
normal airway epithelium, but can be increased by 
cytokines. The most potent stimulator for MHC class II 
expression appears to be -v-IFN (109,110), but TNFa 
may potentiate 7-BFN effects (118). Bronchial epithelial 
cells that express MHC class II antigens are capable of 
stimulating allogenic lymphocyte reactions (1 17). In ad- 
dition, the capacity of airway epithelial cells to express 
MHC class (1 antigens raises the possibility that the 
epithelial cells are capable of directly presenting soluble 
antigens to helper T cells. 

Many inflammatory cells have a short half-life attrib- 
utable to programmed cell death (apoptosis). Recent 
investigations demonstrate that the presence of inflam- 
matory cells within tissues might not be entirely due to 
the continual attraction of these cells from the vascula- 
ture, but a prevention of apoptosis (119). In the context 
of the epithelium, conditioned medium taken from cul- 
tures of human bronchial epithelial cells markedly 
enhanced the survival of neutrophils, macrophages, and 
eosinophils (120-122). These survival-enhancing prop- 
erties have been attributed to epithelial cell release of 
granulocyte-macrophage colony-stimulating factor (CSF), 
granulocyte-CSF, or macrophage-CSF s demonstrating 
that the epithelium has the potential not only for attract- 
ing cells, but, also for prolonging their survival once 
they arrive (120-122). 
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The endothelial-derived relaxing factor has been found 
to be secondary to the enzymatic conversion of arginine 
to citrulline, releasing NO (123). However, it has also 
become apparent that NO may have a number of other 
effects in addition to smooth muscle relaxation, including 
neurotransmission, cytotoxicity of microorganisms and 
tumor cells, modulation of inflammatory cell chemotaxis, 
or alteration of enzyme activities (123). In die context of 
the lower respiratory tract and inflammation, neutrophils, 
macrophages, and bronchial epithelial cells have all been 
demonstrated to release NO under stimulated conditions, 
which suggests that a complex interplay may occur 
between epithelial cells and inflammatory cells via NO 
production and interaction with cell-associated proteins 
(123). Nitric oxide is also a potent bronchial vasodilator 
in animal airways (124). Nitric oxide-mediated dilatation 
of bronchial blood vessels could account, at least in part, 
for the bronchial edema that occurs during inflammation-, 
In support of this concept, NO inhibitors reduce neuro- 
genic plasma exudation in guinea pig airways (125). 

Epithelial cells may also down-regulate inflammatory 
processes. Transforming growth factor-0 (TGFp) is pre- 
sent in the epithelial lining fluid of the lung and is present 
in the epithelium of injured hing ( 1 26, 1 27). In addition to 
its important effects on matrix production, TGF£ has 
anti-inflammatory properties, such as the ability to inhibit 
IL-2-dependent proliferation of T cells (128), and also 
inhibits cytokine production by macrophages (129). Sev- 
eral cell types in the lung have been described as produc- 
ing TGFp, including epithelial cells (130-132) and 
macrophages (133). 

Other mediators , with anti-inflammatory properties 
include PGE2 and IL-6. Prostaglandin £2 has a number of 
anti-inflammatory effects, including reduction in the pro- 
duction of neutrophil chemoattractants by macrophages 
(134). Inter! eukin-6 is capable of reducing inflammation in 
several models, including an in vivo model of pulmonary 
inflammation (135). In the context that IL-6 also has well- 
documented pro-inflammatory effects, such cytokines may 
be bifunctional, with differing activities depending on the 
progression of the inflammatory process. 

Inflammation in the airway is a complex process that is 
regulated by many mediators. The capacity of airway 
epithelial cells to produce multiple mediators of inflam- 
mation suggests that these cells must be considered 
potentially important in regulating airway inflammation. 
However, the capacity of the epithelial cells to produce 
inflammatory mediators in vitro does not necessarily 
imply that these cells release the same mediators in any 
given pathological condition. Undoubtedly, rfhekrole of 
thes cells in specific disease states awaitstlurthe^ifudy. 

Repair 

Direct injury of epithelium is^ major feature of several 
airway disorders, including asthma and chronic bronchi- 
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